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ABSTRACT

This thesis addresses the stiction issue of magnetic nanoparticles (MNPs) in a
targeted drug delivery system (TDDS). In a magnetically actuated TDDS, the
MNPs are guided to the desired blood vessel by steering them from the bifurcation
points, using an external electromagnetic actuation (EMA) system. Meanwhile,
some MNPs get stuck to the vessel wall during the steering process. To overcome
this problem, an EMA system is designed using four coils and the coil parameters
are optimized for efficiently steering the MNPs in a Y-shaped microchannel. The
system operates by applying a time-varying magnetic field (TVMF) to navigate
the MNPs in the channel efficiently. The TVMF alternately switches between
two modes of operation described as follows. The TVMF is applied for a specific
duration to generate the magnetic force required to steer the MNPs to the desired
outlet in the first mode of operation. The second mode of operation facilitates
mitigation of the stiction and aggregation of MNPs by modulating the TVMF and
time duration of operation to yield a lower magnetic force in the reverse direction
to that in the first mode. The MNPs separated from the sidewalls move ahead with
the fluid flow to the desired channel and this guidance mechanism is repeated until
the MNPs reach the target point. Extensive simulations are performed to analyse
the switching time for effective steering of the MNPs using COMSOL Multiphysics.
Furthermore, the experimental validation of the proposed EMA system highlights
its practical feasibility to mitigate the stiction issue. Results demonstrate that the
magnetophoretic force produced to release the adhered particles in our system is
around 99.5% lower than that of an existing EMA system, which aims to address
the same issue. Moreover, the duration between the two modes of operation should
be set using a ratio of 3: 1 for effective guidance of the MNPs to the correct outlet.
Thus, our system provides enhanced efficacy in mitigating the stiction issue by
alleviating the detrimental effect of the MNPs getting steered to the undesired

outlet.
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2 Chapter 1 : Introduction

1.1 Background

In recent years, the dramatic progress in the pharmaceutical industry has paved
the way to cure critical diseases like diabetes, cancer, atherosclerosis, asthma,
pulmonary tuberculosis, Parkinson’s disease, and Alzheimer’s disease [1]. Some
of the medications used for treating these diseases are highly toxic, thus inducing
off-target side effects [2]. Cancer is a leading cause of death worldwide, accounting
for almost 10,000,000 cancer deaths in 2020 [3]. The number of cancer patients
in India was nearly 1,392,179 for the year 2020 [4]. Cancer refers to any one of
many diseases characterized by the development of uncontrolled cellular growth
and can multiply much more quickly than most cells in the body. Cancer often
has the ability to spread throughout the body. Chemotherapy is one of the most
common treatments for cancer and it can be used alone or in combination such
as surgery with chemotherapy to treat a wide variety of cancers. It uses certain
drugs to kill the fast-growing cells or stop them from growing and spreading to
other parts of the body. In this process of targeting fast-growing cancer cells,
chemotherapy drugs can also damage other fast-growing healthy cells, such as those
in the hair follicles, bone marrow and digestive tract. Chemotherapy drugs fail
to distinguish between the normal and cancerous fast-growing cells and kill both
during the treatment process. This leads to common side effects such as fatigue,
nausea, diarrhea, mouth sores, hair loss, anemia and immune system disorder [5-7].
Conventional drug delivery possess serious side effects due to nonspecific targeting
resulting in impaired treatment with reduced dose and unsuccessful in improving
patients’ quality of life. Therefore, the systemic administration of conventional

chemotherapy reduces therapeutic efficacy.

A century ago, Paul Ehrlich, the father of chemotherapy, proposed a concept of
smart medicine “magic bullet” that selectively eliminates the diseased cells without
damaging the surrounding normal cells. Drug delivery (DD) refers to an extensive
field of research on the advancement of novel materials or carrier systems for the
effective delivery of drugs. Advances in medicine and biotechnology have led to
the development of numerous drugs, which are being administered through var-
ious conventional DD dosage forms such as lotions, creams, powders, solutions,
pastes, mixtures, ointments, pills, suspensions, suppositories, injectables, immedi-
ate release capsules and tablets, etc., and so on to achieve the desired therapeutic
effect. Examples of novel devices with enhanced therapeutic potential include oral
controlled release systems, liposomes, taste-masking systems, transdermal patches,
aerosols, and site-specific delivery systems [8]. Drug delivery systems (DDS) are

extensively studied and developed to improve the methods, formulations, tech-
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Figure 1.1: Carrier based drug delivery

nologies, and processes involved in delivering a therapeutic substance in the body
to safely achieve its desired pharmacological effects [9]. The development of Novel
DDS (NDDS), such as nanoparticles (NPs) and microparticles (MPs), transdermal
patches, inhalers, drug reservoir implants, and antibody-drug conjugate fulfilled
the state of the art therapeutic demands e.g., controlled release, solubility enhance-
ment, on-demand activation, targeted delivery and new administration routes [10].
The potential of NDSS has resulted in a growing interest among researchers and
this leads to improved efficacy of the therapeutic using site-specific delivery of the
drug [11].

The promise shown by controlled drug delivery technology has led to several
clinical formulations towards the improvement of patient compliance and conve-
nience [12]. One such area is targeted drug delivery (TDD) to sites of infection.
The clinically significant impact of TDD lies in the ability to specifically target
a drug or drug carrier to minimize drug-originated systemic toxic effects [13].
Carrier-based drug delivery is an engineered technique for targeted delivery of
the drug to the specific location as depicted in Fig. 1.1. Metal nano- and micro-
particles as drug carriers have made tremendous progress in the field of therapeu-
tics by boosting therapeutic efficacy through site-specific drug delivery [14-16].
Recently, there have been immense advancements in the area of delivery systems
to supply therapeutic agents to their target location for the treatment of numer-
ous diseases [17,18]. Targeted delivery to sites of infection is a rapidly advancing
science where nanocarriers are utilized to restrict the distribution of therapeutic
agents to targeted sites in a controlled manner [10,19]. Nanocarrier-based TDD
paved the way for a controllable rate of drug release at the specific location, at
the right concentration for an appropriate period of time [20]. For more than two
decades, advancements in drug delivery systems have been an active area of inter-
disciplinary research, leading to successful improvements in therapies for various

pathologies.
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Figure 1.2: Ideal characteristics of TDD

1.2 Need for Targeted Drug Delivery

Traditional DDS, such as oral ingestion or intravascular injection, transmits med-
ication throughout the body via systemic blood circulation. For most therapeutic
agents, only a small percentage of the therapeutic agent reaches the organ to be
impacted, where most of the medications administered do not reach the target
site. The need for TDD over conventional DD is crucial to improve the thera-
peutic effectiveness and minimize the toxicity associated with a small therapeutic
index and high doses. Targeting is required to find answers to these limits and
inherent shortcomings of traditional DDs. Ideally, TDD strives to improve ther-
apeutic efficacy, achieve controlled distribution, improve drug localization, reduce
therapeutic toxicity, reduce dose, and improve patient compliance as depicted in
Fig 1.2. The fundamental premise of drug targeting is to deliver a high concen-
tration of medication to the targeted site while limiting its concentration in the
non-targeted region. Targeting also reduces undesirable drug interactions with bio-
environmental variables that affect drug access to specific areas in the body. Drug
targeting entails coordinating drug behavior, targeting site, and a pharmaceutical
carrier. The target is the particular organ, cell, or group of cells in a chronic or

acute illness that requires treatment and with which the medicine will interact.
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1.3 Methods of Targeted Drug Delivery 5)

The carrier is a specially designed system that is needed for the safe transportation
of the loaded medicine to its destination [21]. Drug carriers are expected to be
non-toxic, non-immunogenic, biochemically inert, biodegradable, biocompatible,
and physicochemically stable in vivo and in vitro. In addition, predictable and
controlled drug release patterns, sufficiently simple, reproducible and economical
preparation, should be easily and quickly excreted from the body and drug leakage
during transport should be minimized [22]. The benefits of the targeted release
system include a reduction in the frequency of the patient’s doses, a more uni-
form action of the medication, a reduction in drug side effects, and a reduction in
volatility in circulating drug levels. The system’s downside is its expensive cost,

which makes productivity difficult and its limited capacity to change doses.

1.3 Methods of Targeted Drug Delivery

Drug targeting strategies are broadly classified into two categories, namely passive

and active targeting.

1.3.1 Passive Targeting

Passive targeting is a type of DD that focuses on systemic circulation. Drug tar-
geting occurs in this technique as a result of the body’s natural response to the
physicochemical properties of the drug or drug-carrier system [23]. This is based
on drug accumulation at the site of interest, such as tumor tissue. Drugs adminis-
tered intravenously tend to spread uniformly throughout the body. On the other
hand, tumor cells tend to take up particles of a specific size to a more significant
extent than healthy cells due to a combination of leaky tumor blood arteries and
defective particle screening. This is known as the enhanced permeation and reten-
tion (EPR) effect, and it is the mechanism underpinning passive targeting. For
example, NPs are used as carriers in passive targeting, and they are directed to
enter blood vessels more at the disease site, allowing for significant drug accumu-
lation at the target. The EPR effect aids in this process [24]. The EPR effect
is regulated by NP parameters such as particle size, shape, and surface charge,
which affects circulation duration, penetration speed, and intracellular internal-
ization [25]. Despite the effectiveness of EPR, more than 95% of NPs with passive
targeting do not reach the tumor upon intravenous injection [13]. Targeting can be
substantially enhanced by limiting medication release at the tumor location and
this can be induced by changes in the microenvironment e.g., pH, temperature,

or enzymatic, or by external stimuli e.g., light, electric fields, magnetic fields, or
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ultrasound.

1.3.2 Active targeting

Active targeting is a ligand-receptor interaction that happens following blood cir-
culation and extravasation. It is primarily dependent on the biological interaction
formed between target cells and the ligands associated with drug or drug car-
riers e.g., NPs [26]. Proteins, polysaccharides, nucleic acids, peptides, and tiny
molecules are used extensively as ligands in this application. Active targeting
employs ligands attached to the NP surface to increase uptake selectivity. These
ligands can interact with target cells and frequently shield NPs from enzyme degra-
dation. Ligands having a high binding affinity for the target cell will significantly
improve delivery efficiency. The most fundamental method of active targeting in-
cludes functionalizing an NP with a ligand that binds to target cells. The problem
with this is that healthy cells still express the same cells, and because healthy
cells outnumber target cells, most NPs miss their target. This problem can be
alleviated by utilizing numerous ligands or ligands of various kinds.

Active targeting modifies a carrier’s normal distribution patterns, directing it
to a particular cell. On the other hand, passive targeting is based on the drug’s
natural distribution and the EPR effect. Both of these mechanisms are dependent
on blood circulation and the original site of medication administration. Drug-
loaded nanoparticle outperforms conventional drug by utilizing both passive and
active targeting. It has the ability to circulate throughout the body for an extended
length of time until it is successfully attracted to its target using cell-specific

ligands, magnetic placement, or pH-responsive materials.

1.4 Targeted Drug Delivery System

A targeted drug delivery system (TDDS) is a promising technique, which aims at
overcoming the off-target side effects by navigating the toxic drugs to the affected
locations such as tumors or infected areas [27]. Effective TDDS necessitates formu-
lations designed for intravenous administration, which means efficient drug loading
into some sort of delivery vehicle, sufficient circulation time to reach intended sites
of the body, retention by specific characteristics within intended sites and drug re-
lease at the intended site within a time that allows for the drug’s effective function
[28]. Carriers for TDD should ideally be nontoxic, stable, nonimmunogenic, bio-
compatible, and biodegradable, easily expelled from the body, and unidentifiable
by the host’s defensive mechanisms [29,30]. Furthermore, they must adequately
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carry the medication to the target location, overcome barriers and tumor vas-
culatures as needed, and have optimum release qualities at the target site with
no or little drug leakage before that spot. Carriers should also have preparation
methods that are simple, reproducible, and cost-effective [31,32]. The DDS should
have excellent target selectivity and specificity, which may be achieved by regulat-
ing the drug and carrier material’s biodistribution patterns. The biodistribution
profile is determined by combining both parties’ physicochemical and biological
features. However, an emerging area known as nanotoxicology is concerned that
the nanoparticles themselves may harm both the environment and human health,
with their side effects.

R
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Figure 1.3: Targeted drug delivery: (a) drug and carrier, (b) functionalization,
(c) injection, (d) steering.

The basic constituents of TDD are: (i) drug, (ii) carrier and (iii) guidance
system, as shown in Fig. 1.3. A pictorial representation of the drug and NP based
carrier are shown in Fig. 1.3a. The drug used for treatment is loaded in the surface
functionalized NPs [33-35] and followed by the injection into the vasculature of a
patient’s body, as shown in Fig. 1.3b and Fig. 1.3c, respectively. While the flow
of blood in the vessel propels the carrier automatically, a guidance system is used
at the bifurcation region to guide the NP based drug carriers into the targeted
vessel as represented in Fig. 1.3d. The most crucial entity necessary for successful
transport of the drug to the intended target is drug carriers and guidance system

to navigate the drug carriers in vivo. Therefore, TDDS can be broadly classified
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into two main areas: (a) synthesis, characterization and functionalization of drug
carriers (b) design of a guidance system to navigate the carriers from the point of

injection to the target location in the vasculature.

1.4.1 Nanoparticles for TDD

NPs have shown promise as drug delivery vehicles, but they must be properly
tailored to improve effectiveness. Because of their large surface area and limited
quantum mechanical effects, NPs usually display a wide range of magnetic, ther-
mal, optical, and electrical properties [36]. Nanoparticles (NPs) are nanoscale
materials capable of encapsulating medicines, imaging agents, and genes [37]. NPs
have the ability to deliver large quantities of therapeutic substances into tumor
cells while bypassing normal cells. While the scaffold structure of NPs allows
medications and contrast agents to be attached, their surface allows for biodis-
tribution and targeted delivery by conjugation with ligands that bind to tumor
biomarkers [38]. NPs have eliminated the difficulties associated with traditional
chemotherapy, such as non-specific biodistribution, drug resistance, and undesired
side effects. Several NP-based therapies have entered the clinical trial stage in the
recent two decades due to their intriguing properties [39]. The ability to mod-
ulate numerous properties of NPs has made them robust therapeutic vectors for
cancer treatment. Nanocarriers extend the half-life of treatments in the body and
improve their accumulation in the target site. Among the various kinds of drug
carriers, such as polymeric micelles, liposomes, lipoprotein-based drug carriers,
nanoparticle-based carriers and dendrimers, the magnetic nanoparticles (MNPs)
are most effective owing to their unique magnetic properties [40]. MNPs are made
comprised of a metal or metallic oxide core encased in an inorganic or polymeric
covering that makes the particles biocompatible and stable and serves as a support
for biomolecules. Because of their magnetic characteristics, these particles, which
belong to one or more of the following classes, can be employed in a wide range of

applications.

e Magnetic contrast agents in magnetic resonance imaging (MRI) [41].
e Hyperthermia agents [42].

e Magnetic nanocarrier [43].

Iron oxide NPs are one of the most effective forms of inorganic MNPs. Because
these particles can be viewed using Magnetic Resonance Imaging (MRI), they have
been employed for imaging purposes in various malignancies. Regarding the mag-

netic properties of iron oxide NPs, they can be exploited for medicinal purposes
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via hyperthermia, in which MNPs are selectively heated by applying a high fre-
quency magnetic field. Since, these NPs are biodegradable and degraded iron may
be absorbed by hemoglobin in the body, they can also be used for in vivo studies
[44]. Superparamagnetic iron oxide nanoparticles (SPIONs) are extremely valu-
able nanomaterials that may be used for both imaging and therapeutic purposes
[45]. The magnetic properties enable these MNPs to be utilized as nanocarriers

that may be guided to a specific location in vivo by a magnetic field gradient.

1.4.2 Guidance System for TDD

Over the past few decades, nanomaterials have been developed for cancer diagnos-
tics and imaging by manipulating their shape, size, and composition. Nanocar-
riers have received increased attention in the field of drug delivery systems be-
cause they can be stimulated by external elements such as magnetic fields, cell
membrane coating, or internal elements such as pH gradients, glutathione and
enzymes to improve drug retention and penetration during tumour therapy [46].
The therapeutic effectiveness of multifunctional nanocarriers has been hampered
by complicated biological /physiological aspects due to the heterogeneity of tumor
tissues. However, certain multifunctional nanocarriers, such as transducers, can
transform environmental impulses, including magnetic fields, cell membrane coat-
ing, and phototherapy, into physical quantities such as light irradiation, converting
the energy to heat. In recent years, combining external stimulation with a mul-
tifunctional nanocarrier has been shown to be a potential technique for achieving
tumor-specific accumulation of therapeutic drugs, improving therapeutic benefits,
and lowering the necessary dosage and systemic toxicity.

Since conventional approaches have major side effects and low EPR results
for targeted delivery, several nanocarriers have been designed for delivering ther-
apeutic chemicals to diseased regions using passive or active targeting methods
[47]. Magnetic nanocarriers are made up of a magnetic core and a coated shell;
therapeutic medications loaded into the shell and targeting molecules can affect
the shell’s surface [48]. When subjected to a magnetic field, multifunctional mag-
netic nanocarriers incorporate diagnostics and treatment into delivery systems
with good tissue penetration. Magnetic nanocarriers can efficiently induce ther-
mal or mechanical effects in hyperthermia theranostics based on the intensity of
the magnetic field [49]. Magnetic field-induced treatment is a novel approach in
clinical site-specific therapy that minimizes medication dosage and related sys-
temic toxicity. Magnetic particles are integrated into the therapeutic agent in this
magnetic targeting technique, and the agent is concentrated at the targeted spot

using gradient fields created by magnets. A magnet can be used to direct a bolus
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of magnetized medicines through a vascular bifurcation as an alternative to the
systemic circulation.

Many actuation techniques, including chemical propulsion, magnetic propul-
sion, acoustic propulsion, and biological propulsion, have been explored and devel-
oped to improve targeting efficacy [50]. Due to the penetrability of the magnetic
field, magnetic drug delivery systems have the benefit of remote controllability.
By adjusting the magnetic field remotely as the magnetic field penetrates the hu-
man body, NPs carrying medications may be given to the target [51]. Permanent
magnets were utilized to produce a magnetic field as an early magnetic actua-
tion device for a drug delivery system due to its simplicity and convenience of
usage [52,53]. However, permanent magnet drive systems cannot easily control
the magnetic field because they have to physically move to change the magnetic
field. Furthermore, they cannot be switched off during an emergency [54,55]. As
a result of these considerations, electromagnetic actuation (EMA) systems have
been offered as an alternative to permanent magnets. As opposed to permanent
magnet actuation systems, EMA systems may rapidly change the magnetic field by
altering the current. Because of its benefits, numerous EMA methods have been
studied to date. Although researchers have proposed various electromagnet-based
actuation systems, these systems still have some difficulties controlling magnetic

particles.

1.5 State-of-the-art

Microrobotic devices have sparked a lot of attention in recent years, owing to their
enormous potential to improve the functionality of micromanipulation in medical,
biological, chemical, and industrial environments. Microrobots, since they are tiny
and untethered, have the potential to significantly increase the effectiveness of a
variety of activities, including TDD, particle separation, mixing, pumping, assem-
bly, manipulation, microsurgery, and chemical analysis [56,57]. Wireless manage-
ment of micro/nanostructures in fluids across long distances is critical in medicine,
particularly in cancer treatment [58]. Only 0.1% of the medication dosage admin-
istered during chemotherapy reaches the intended target; the remaining 99.9% is
absorbed by healthy tissue [59]. As a result, a strategy that allows for TDD for
maximum efficacy is necessary. The goal of TDD is to increase drug absorption in
tumor tissues while reducing side effects such as harm to healthy cells and reducing
the needed drug dose. The transmission of power for mobility is a critical barrier
for wireless management of micro/nanostructures. One method is to use wireless

magnetic control. Magnetic fields penetrate human tissue and are biocompatible
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up to several Tesla field strengths widely employed in MRI scanners. Magnetic car-
riers containing pharmaceuticals might be navigated through physiological fluids
and steered to the location of interest using magnetic fields and field gradients [60].
The manipulation and transportation of MNPs using external magnetic fields are
finding widespread applications in biotechnology, biomedical engineering and envi-
ronmental applications [61-64]. Magnetic separation is a process used to segregate
magnetic and non-magnetic materials. Materials with different magnetic perme-
ability, under the exposure of magnetic field gradient, experience various magnetic
forces which lead to the isolation of the target entity [65]. In this regard, magnetic
actuation systems play a vital role in controlling the locomotion of MNPs. The
magnitude and direction of magnetophoretic force produced by such an actuation
system are responsible for the navigation of MNPs. Different actuation systems
are used to control the movement of MNPs. Permanent magnet [66] based actu-
ation systems are simple to use but they are not effective for the propulsion of
MNPs in a fluidic suspension. However, EMA systems in [67] and [68] are more
effective in producing desired magnetophoretic force for the propulsion of MNPs.
This type of actuation system can also be used in water and wastewater treatment
[69]. DDS [70] also utilizes a similar kind of electromagnet for the transportation
of MNPs to a specific location. Magnetic resonance imaging (MRI) [71] is a pop-
ular imaging technique used in biomedical applications, which uses a combination
of strong magnetic fields and magnetic field gradients to generate images of body

organs.

In the context of guidance mechanism design, recent studies show the explicit
application of magnetic field in many biomedical applications [72,73]. A wireless
capsule endoscope system uses magnetic actuators to control the movement of the
camera-equipped capsule to capture the internal images of the digestive organs
for use in medical diagnosis|[74]. Likewise, magnetically assisted TDDS is adopted
to control the movement of MNPs in the blood vessel [75]. In this regard, much
attention is devoted to usage of magnetic actuation system for targeted delivery of
MNPs in vivo[76-78]. The magnetic field produced by such an actuation system
exerts a magnetic force on the MNPs, navigating them in the blood vessel. Mag-
netically actuated TDDS are potentially effective in navigating the MNPs inside
the blood vessels. Superconductors and permanent magnets based actuators are
proposed as viable means to guide the MNPs in the vasculature [79,80]. How-
ever, the magnetic fields produced by these systems are inadequate to penetrate
deep into the target region inside the human body. A two coils electromagnetic
actuator is proposed to enhance the penetration and to define the trajectory of

MNPs inside the blood vessel [70]. This system produces a gradient magnetic field
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responsible for exerting a force on the MNPs. A further improved electromagnetic
actuation (EMA) system using Maxwell coil, comprising of two electromagnetic
coils with equal but opposite currents, is proposed in [81] to produce a gradient
magnetic field for steering the MNPs. However, in this system, the movement
of MNPs would depend on their position with reference to the center of the coil
separation. Furthermore, [71] highlights that concurrent use of two coils generates
a higher magnetic field gradient for navigation of MNPs. Until now, traditional
MRI systems were used just for imaging, but their range of possible medical and
scientific uses can be broadened beyond imaging by using MRI scanners to provide
propulsion for minimally invasive devices [82,83]. The MRI systems can overcome
organ depth, gradient linearity, and imaging feedback restrictions. An electromag-
netic guidance system composed of one Helmholtz coil and two racetrack coils is
proposed in [67], to steer the MNPs irrespective of their position by exerting a
unidirectional magnetic force on the MNPs. The authors in [84] propose a combi-
nation of Helmholtz and Maxwell coils to produce a gradient magnetic field along
the desired direction with lesser geometrical complexities as compared to that in
[67]. Their work is further extended in [85] to attain a higher gradient magnetic
field with reduced structural complexity by adopting Differential Current Coil
(DCC) approach.

1.6 Motivation

The MNPs in a blood vessel are propelled by the laminar flow of blood, which
shows a parabolic profile of flow velocity. Consequently, the hydrodynamic drag
force experienced by the MNPs in the blood vessel is maximum at the center of
the vessel and lower at the sidewalls [85]. Therefore, the orthogonal magnetic force
applied by an EMA system is much higher than the drag force at the sidewalls.
This causes a fairly large number of MNPs to adhere to the vessel walls and thus,
the stiction issue is induced. The aggregation of MNPs in the presence of a contin-
uous magnetic field has been investigated experimentally [86]. The accumulation
of aggregates at the bifurcation occurs from the steering of aggregated micropar-
ticles in a Y-shaped channel under magnetic field [71]. To address this concern,
different actuation schemes are proposed [87-89]. More precisely, the concept of a
functionalized magnetic field is proposed in [87], whereby a unitless time-varying
multiplier function is used to vary the direction of magnetic force for steering and
to detach the MNPs alternately over time. However, the magnitudes of force ap-
plied to steer and detach the MNPs remain the same in this scheme, which may

result in the steering of the MNPs to an incorrect outlet. To further improve the

TH-2667_156102004



1.7 Problem Definition 13

efficiency of the guidance system in [87], a modified version of the field function is
introduced in [88]. It is noteworthy that the scheme uses a much lower magnetic
force for stiction removal than that for steering, while the duration of application
of both these forces remains the same. An alternate scheme that generates discon-
tinuous asymmetrical field function is proposed to mitigate the stiction issue along
with disaggregation of stuck MNPs [89]. In this scheme, a time-slotted approach
is used to steer and detach the MNPs respectively, with the applied magnetic field
being much lesser in the latter case than the former, which is further followed by
a null magnetic field time slot for particle disaggregation. This scheme alternates
between two coils for steering and detaching operations (only one coil is active in
each slot). Specifically, the scheme uses three different time slots. The first two are
used for steering and stiction removal, while the third time slot comprises a null
magnetic field intended for disaggregation of the MNPs. However, it may be noted
that during the null slot, there will be no control of the actuation system over the
MNPs. This may lead to the random propulsion of MNPs to the undesired outlet
along with the fluid flow. This motivates us to adopt a different approach using
two coils simultaneously for both steering and stiction mitigation, thus allowing

better control over MNPs in a bifurcated channel.

1.7 Problem Definition

Motivated by the above works, we present a time-varying magnetic field (TVMF)
for effective steering of MNPs to the correct outlet of the bifurcated channel while
taking into account the stiction and aggregation of MNPs during navigation op-
eration. Specifically, we emphasize the fact that in contrast to [89], the stiction
removal and disaggregation of MNPs can be achieved in a single time slot by ad-
justing both the magnetic force as well as the slot duration. The TVMF operates
by switching between two modes of operation viz, (i) Mode 1 and (ii) Mode 2. In
Mode 1, the TVMF is applied for a particular duration so as to facilitate steering
of the MNPs towards the target outlet. During this process, some MNPs that
aggregate and get stuck to the side-walls are released by applying the TVMF in
the reverse direction to Mode 1. The magnetic force resulting from the TVMF in
Mode 2 has a small magnitude, releasing the stuck MNPs at side-walls but not
steering them into the incorrect outlet. Furthermore, the fluidic force dominates
over this small magnetic force as the MNPs are pulled back from the side walls (due
to the former’s parabolic nature), thereby minimizing the aggregation of MNPs.
However, the influence of fluid force could result in the random flow of MNPs in
the channel. Hence, the duration for applying TVMF in Mode 2 has to be adjusted
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so that the MNPs are confined within the desired region of interest. Therefore,
this thesis aims to address the specific aspects of a magnetically targeted drug

delivery system.

e Design and analysis of an EMA system using a novel coil topology to navigate
the MNPs to the target location.

e Optimization of the system design parameters to enhance the guidance effi-

cacy.

e Effect of TVMF on the mitigation of stiction and aggregation of MNPs during

their navigation towards the desired outlet.

e Analyse the coupling of applied magnetic field and switching time for effective

navigation of MNPs in the channel.

e Experimental validation of the novel EMA system by tracking the trajectory
of the synthesized MNPs into the fabricated Y-shaped channel.

1.8 Thesis Contribution and Organization

An EMA system is designed using a particular arrangement of four circular elec-
tromagnetic coils to navigate the MNPs from the inlet to the target outlet in the
Y-shaped microchannel. The coils are used to produce a magnetic force for steer-
ing of MNPs to the correct outlet. The proposed work is done in the following
two stages: (i) design, analysis and optimization of the coil topology for guid-
ing the MNPs, (ii) removal of stiction and aggregation issue while ensuring that
the MNPs are always administered to the desired outlet. Simulation results are
presented to highlight the optimal switching time for the applied magnetic field,
which is required to obtain the desired particle trajectory.

The thesis begins with an analysis of the EMA system for different coil topolo-
gies. Based on this analysis, a novel coil topology is proposed to navigate the MNPs
to the target location. Furthermore, the system design is optimized to enhance the
guidance efficacy through stiction mitigation and disaggregation of magnetic par-
ticles. The proposed system design is experimentally validated. Lastly, a summary
and future prospects are presented. The outcome of the thesis exhibits superior
guidance efficiency compared to another TDDS design reported. The main contri-

butions of this thesis are summarized below:

e Design and analysis of EMA system using different coil topologies, to steer
the MNPs in the bifurcated microchannel.
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e Optimization of the geometry and supply currents for each coil in the four
coils arrangement, to produce a magnetic force along the desired steering

direction. In this process, a few MNPs get stuck to sidewalls.

e To overcome the stiction and aggregation issue, a switching mechanism is
adopted. A pair of coils in the actuation system operates exclusively for a
certain time period to release the stuck MNPs with a reverse magnetic force,

while the other pair of coils is switched OFF during this period.

e The navigation of MNPs in a Y-shaped channel is experimentally validated

due to the gradient magnetic field produced by the proposed EMA system.

The thesis is organized into six chapters. An overview of the thesis is presented as

follows.

Chapter 1

This introductory chapter presents a brief history of the development of the EMA
system as a guidance system and MNPs as drug carriers. This chapter also dis-
cusses the need for TDDS followed by the methods and processes that have been
developed in the existing literature for guiding the MNPs to the target location.
The chapter ends by summarizing the overview of its content and the contributions
of the thesis.

Chapter 2

In this chapter, we present a comparative performance analysis of actuation sys-
tems, consisting of coils having the following five different topologies: single coil,
Helmholtz coil, Maxwell coil, Helmholtz-Maxwell pair and differential current coil
(DCC). The experiments are performed using PASCO EX-5540A setup while the

numerical analyses are done using COMSOL Multiphysics software.

Chapter 3

This chapter proposes an EMA system using four circular current-carrying coils to
navigate the MNPs in the Y-shaped channel. The design parameters are further
optimized to enhance the performance of EMA-based TDDS.

Chapter 4

In this chapter, we propose a time-varying magnetic field (TVMF), which switches

between two modes of operation. Our proposed TVMF can be utilized to mitigate
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the stiction and aggregation of the MNPs, whereas effectively navigating them

towards the desired outlet.

Chapter 5

This chapter deals with the methods involved in synthesizing the MNPs as drug
carriers, fabricating the Y-shaped channel to mimic the vasculature and designing
the electromagnetic coils as a guidance system. The complete system is experi-

mentally validated and the results indicate that the system is practically realizable
for TDDS.

Chapter 6

This chapter covers the conclusion and future prospects of the thesis. A summary
of all the research works is presented in this chapter. The future scope of devel-
opment on actuation systems towards other applications such as magnetic water
treatment and magnetic separation for biomedical diagnostic are also presented in

this chapter.
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2.1 Introduction

As medical science evolved, more and more medications were effectively produced
and used to treat human ailments. Medications are often given orally or injected
in the traditional method of illness treatment, ensuring that the drugs are spread
widely throughout the human body. Such a condition would harm the body’s
regular cells and tissues, resulting in undesired side effects and potentially signif-
icant complications for the sufferers. TDD is an effective way to solve this issue
since it not only cures the disease efficiently but also reduces dose and adverse
effects. This is especially significant in the treatment of diseases such as cancer,
nervous system ailments, and acute hearing impairment, among others. Drug tar-
geting tries to deliver the medications to the target location, which can increase
effectiveness, reduce drug doses, and lessen adverse effects. At the moment, nu-
merous methods for drug targeting have been researched or proposed, including
the use of physical surroundings such as light, electricity, ultrasonic, and magnetic
fields. Among these physical contexts, magnetic drug targeting is an appealing
technique. Magnetic drug targeting is a technique in which magnetic drug carriers
within the body are controlled by external magnetic fields to reach the desired
location. Magnetic drug carriers are made up of magnetic materials that interact
with magnetic fields, often magnetic nanoparticles like ferric oxide particles. Mag-
netic fields, unlike other methods of medication targeting, may flow through the
body safely, hence magnetic carriers can, in theory, be guided to deep tissue targets
[90]. Since the advent of magnetic fields for drug targeting, many magnet designs
for TDD have been researched. Existing magnet system designs are divided into

two categories: static field magnet systems and variable field magnet systems.

Static Field Magnet System

Static field magnet systems have a magnetic field that remains constant over time.
The systems are classified into two types based on the source of the field: perma-

nent magnet systems and electromagnet systems.

Variable Field Magnet System

Varying field magnet systems are those in which the magnetic field varies over
time. The relative movement of the sample and the magnet can produce such
changing field magnet systems. The systems are classified into two types based on
the source of the magnetic field: moving permanent magnet systems and variable

field electromagnet systems.
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Permanent magnets are inexpensive, easy to use, and efficient in terms of en-
ergy. Their magnetic field intensity (H) and magnetic field gradient (VH) are,
however, relatively modest, and they can occasionally present safety issues since
they cannot be "turned off,” even in an emergency. Electromagnets, on the other
hand, may offer a reasonably strong magnetic field and field gradient with improved
safety characteristics [91]. In the following sections, we present the popular coil
topologies of electromagnet systems such as single coil, Helmholtz coil, Maxwell
coil, Helmholtz-Maxwell pair and differential current coil (DCC)[85]. PASCO EX-
5540A setup is used for experimental analysis. Also, COMSOL Multiphysics soft-
ware is used for numerical analysis of the electromagnetic coils and the experi-
mental results are validated with analytical and simulation results. Numerical,
analytical and experimental results for single coil, Helmholtz coil and Maxwell coil
are presented. Furthermore, a configuration of Helmholtz-Maxwell coil pair and
DCC, based on MRI technique[81][76], is studied and analyzed for possible use in
the guidance systems of TDD.

Amidst the growing concerns of adversities associated with magnetic stimula-
tion to human body, regulatory bodies have standardized limits for exposure to
radiation. Such limits are proposed taking into consideration the distribution of
exposure among the population, time of exposure and other safety concerns. In
this work we have followed the IEEE Std C95.1-2019, IEEE standard for safety
levels with respect to human exposure to electric, magnetic, and electromagnetic
fields [92]. The exposure reference limits of the magnetic field (B) and magnetic
field strength (H) for head, torso and limbs are 353mT and 2.81 x 10°kA/m,

respectively.

Figure 2.1: a) Single coil of radius R and b) Cross-sectional view of the single coil.
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Figure 2.2: a) Two coils of radius R, separated by a distance d and b) Cross-
sectional view of the two coils.

2.2 Theoretical Model

The basic building blocks of an EMA system, used for guiding the MNPs in a
TDSS, are the circular coils carrying current. Fig. 2.1a shows a single coil config-
uration having IV turns, carrying a current I, generates a magnetic field along the
perpendicular axis. This configuration is not sufficient to penetrate deep into the
desired region because the influence of the magnetic field decreases as the MNPs
move away from the coil. Two identical coils are placed parallel to each other as
shown in Fig. 2.2a, the magnetic field produced by each coil is superimposed to

obtain the resultant magnetic field.

Figure 2.3: a) Helmholtz coil and b) Maxwell coil.
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Helmholtz coil consists of a pair of circular coils having /N turns, each carrying a
current I in the same direction and are separated by a distance equal to the radius
of the circular loops as depicted in Fig. 2.3a. It results in generation of uniform
magnetic fields between the two coils. Maxwell coil is similar to Helmholtz coil
with distance between the coils increased by a factor of /3 and the coils are fed
with currents in opposite directions as shown in Fig. 2.3b. This configuration
results in generating a gradient magnetic field in between the two coils. However,
a Helmholtz coil or a Maxwell coil alone can not produce the desired magnetic
field to propel the MNPs in fluidic suspension. To overcome this challenge, a
combination of both Helmholtz coil and Maxwell coil is considered such that their
magnetic fields can be superimposed to produce a uniform magnetic field gradient
which can propel the MNPs. In such systems, one set of two Helmholtz coils is used
to provide a uniform constant magnetic field in the desired direction for magnetic
particle saturation, while another set of two Maxwell coils is used to generate the
gradient magnetic field required to facilitate desired magnetophoretic force for the
navigation of MNPs in vivo. But this benefit comes at the expense of increased
geometrical complexities, which arises due to the use of four electromagnetic coils
for designing the actuation system [84]. To this end, differential current coil (DCC)
[85] arrangement is proposed as an efficient technique for controlling the MNPs
with reduced complexity. DCC shows the characteristics of Helmholtz-Maxwell
coil configuration using two coils only. The arrangement consists of a pair of
circular coils having N turns, each carrying current in the same direction but the

magnitude of currents are different in each coil.

Magnetic particles suspended in a viscous medium experience a force in re-
sponse to the application of nonuniform magnetic field, which is known as mag-
netophoresis (MAP). The difference in permeability of magnetic particles and the
surrounding medium results in the generation of MAP. The effective magnetic mo-
ment of the magnetic particle as a homogeneous sphere with radius R, suspended

in a magnetically linear fluid of permeability p; is calculated as[93]

Ho — [ H Ho

M. =47 R?
1 po + 241 o + 241

(2.1)

where jio = 47.1077 H/m is the permeability of free space. H and M are the mag-
netic field intensity and net magnetic polarization respectively. For a magnetically

linear particle of permeability ps, we have
M = xH, (2.2)
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where x = po/po — 1 is the susceptibility of the particle. The magnetophoretic
force for a magnetizable spherical particle in a nonuniform magnetic field may be

expressed as
FMAP = ulMeff.VH. (23)

From (2.3), the MAP force depends on magnetic field intensity and gradient in-
tensity. The relationship between magnetic field B and magnetic field intensity H
is B=poH.

For a single coil of wire having radius R and N turns of wire, the magnetic field

along the perpendicular axis through the center of the coil (shown in Fig. 2.1b) is

/L()NIR2

e
2(a? + R?)

(2.4)
As shown in Fig. 5.9b, when two identical coils are placed parallel to each other,
the magnetic field produced by each coil is superimposed to obtain the resultant
magnetic field. For Helmholtz coil, the separation d between the two coils is equal
to their radius R and each coil carries equal current in the same direction. This

coil separation gives an uniform magnetic field between the coils and is given by

B =DB1+ B2
 poNIR? 1 n 1 (2.5)
= 5 [(x—g)Q-I-RQ]?’/Z [(:I:+%)2+R2]3/2 )

where x is measured from the geometric center as shown in Fig. 5.9c.

Maxwell coil[94] pair consists of two circular coils of radius R, carrying currents
circulating in opposite directions and the separation (d) between the two coils is
equal to v/3 of the coil radius, R. The flux gradient from the Maxwell coil is

uniform in between the coils, which is given by

B =Bl1+ B2

_ woNIR? 1 . 1 (2.6)
-2 (2= §)2+R23/2 [(a+5)2+R2]3/2 |7

2.3 Methodology

To realize the TDDS for in vivo applications, we require EMA system to remotely
control the movement of MNPs used as drug carrier. The next step is to design

and analyse the actuation system using electromagnets.
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2.3.1 Simulation Framework

COMSOL Multiphysics employs finite element method (FEM) to numerically ap-
proximate solutions of partial differential equations (PDEs) with known boundary
conditions. The Magnetic Fields interface from AC/DC module is used to com-
pute magnetic field in and around the electromagnetic coils. The Magnetic Fields
interface solves Maxwell’s equations formulated using the magnetic vector poten-
tial. The variables that describe the current direction in coils is solved using Coil
Geometry Analysis. The Magnetic Field interface used to compute the magnetic
field may not be able to evaluate the spatial derivative of the magnetic field com-
ponents, as the degrees of freedom correspond to components of the magnetic
vector potential. Therefore, Coefficient Form PDE interface is used to evaluate

the gradient of the magnetic field components using scalar basis functions.

Table 2.1: Coil Parameters

Parameter Value Unit

Number of turns 500 -

Height 2 cm

Width ) cm
Outer diameter 234 cm
Inner diameter 194 cm
Wire diameter 1 mm

Current 1 A

Magnetic Field Sensor

Figure 2.4: Experimental set-up using single coil and two coils.
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2.3.2 Experimental Framework

PASCO EX-5540A setup as shown in Fig 2.4 along with PASCO Capstone software
are used for experimental evaluation. Rotary motor sensor tracks the position and
magnetic field sensor measures the magnetic field of the coil. The magnetic fields of
the coils are plotted versus position as the magnetic field sensor is passed through
the coils, guided by a track. The position is recorded by a string attached to the
magnetic field sensor that passes over the rotary motion sensor pulley to a hanging

mass.

2.4 Results & Discussion

The electromagnetic actuation systems presented in this paper are designed and
modeled in COMSOL Multiphysics software. The experimental results are vali-
dated with analytical as well as simulation results considering three different coil
configurations viz. single coil, Helmholtz coil and Maxwell coil. For comparison
purpose identical coil geometry is used and the coil parameters are listed in Ta-
ble 2.1. Also, the DCC coil is simulated considering 500 ampere-turn (500 turn
coil with 1 A current through it) for one coil and 2500 ampere-turn (2500 turn coil

with 1 A current through it) for the other one. The magnetic flux density gener-

0.0024 - b ... - .
: : . |—=— Numerical
—e— Experimental
. |—A— Analytical
0.0020 4 Rl foffo o W o i
E | | | ‘ ‘
k] 3 3
3 0.0016 - o e e N
m H H H H H
2
g 1 | | | |
€ 0.0012 -/ il e A
© : : : : :
=
0.0008 4 f e -\ R—
0.0004 4 S S SR S
. ; . ; . ; . ; . ; :
-18 -12 -6 0 6 12 18

Position (cm)

Figure 2.5: Magnetic field generated by single coil.
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Figure 2.6: Magnetic field generated by Helmholtz coil.

ated by different coil topologies are calculated by AC/DC module of COMSOL in
steady state.

2.4.1 Single Coil

Fig. 2.5 shows the variation of magnetic flux density along the perpendicular axis
of the single coil. Clearly, it is observed that experimental result shows close match
with the analytical as well as the simulation results. It is noted that the influence
of magnetic flux density generated by the coil decreases on MNPs as they move
farther on both side of the perpendicular axis of the coil. This is because of the
fact that the magnetic flux density generated by the coil at any point is inversely
proportional to the distance of the point from the coil (2.4). This actuation system
is not useful since the magnetic flux generated by the single coil cannot penetrate

into deep region, thereby failing to manipulate the MNPs.

2.4.2 Helmholtz Coil

Fig. 2.6 depicts the experimental validation of magnetic flux density along the
perpendicular axis of the Helmholtz coil. It is seen that Helmholtz coil generates
a uniform magnetic flux density for a range equal to the radius of the coil. This

uniformity is due to the superposition of magnetic flux densities produced by
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Figure 2.7: Magnetic field generated by Maxwell coil.

individual coil of the Helmholtz coil pair following (2.5). This actuation system is

unable to move the MNPs as it produces zero magnetophoretic force.

2.4.3 Maxwell Coil

Fig. 2.7 depicts the experimental validation of magnetic flux density along the
perpendicular axis of the Maxwell coil. It is seen that Maxwell coil generates a
gradient magnetic flux density. This gradient nature is due to current flowing in
opposite direction in both the coils of Maxwell coil. Although, the gradient flux
density produced by the Maxwell coil results in a nonzero magnetophoretic force,
this actuation system is not sufficient to magnetize the MNPs to saturation level
due to low magnetic strength.

The experimental results show good agreement with both simulation and an-
alytical results for the region of our interest. However, the experimental results
deviate a little due to the considerable width and height of the coils, which is not

included in our theoretical analysis.

2.4.4 Differential Current Coil

DCC configuration is considered where two coils are used in a such a manner that

it shows the characteristics of Helmholtz-Maxwell coil pair [85]. Fig. 2.8 presents
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Figure 2.8: Magnetic flux density generated by Helmholtz, Maxwell, Helmholtz-
Maxwell pair and DCC configuration.

Figure 2.9: Surface plot of (a) Helmholtz coil, (b) Maxwell coil, (¢) Helmholtz-
Maxwell pair and (d) DCC configuration
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numerical comparison of flux densities of Helmholtz, Maxwell and a combination
of Helmholtz-Maxwell coils. Fig. 2.8 highlights that Helmholtz-Maxwell pair out-
performs the individual performances of Helmholtz and Maxwell coil in terms of
magnetic flux density. Moreover, DCC approach shows higher flux density gradient
as compared to that of the other configurations presented here.

The surface plots for magnetic fields, corresponding to each coil configuration
discussed above, are graphically represented in fig. 2.9. The arrows in the plot in-
dicate the magnitude and direction of magnetic flux density on x-y plane. Thus, to
summarize, DCC approach is more suitable as it has lower geometrical complexity

than that of Helmholtz-Maxwell pair which uses four coils.

2.5 Chapter Summary

Electromagnetic actuation systems are used to generate magnetic forces for the
manipulation of magnetic nanoparticles. In this work, we present a comparative
performance analysis of actuation systems, consisting of coils having the follow-
ing five different topologies: single coil, Helmholtz coil, Maxwell coil, Helmholtz-
Maxwell pair and differential current coil (DCC). The experiments are performed
using PASCO EX-5540A setup, while the numerical analyses are done using COM-
SOL Multiphysics software. It is observed that the experimental results conform to
analytical results as well as simulation results. Furthermore, the results highlight
that both Helmholtz-Maxwell pair and DCC topologies produce strong gradient
magnetic flux density, thus leading to better manipulation of magnetic nanopar-
ticles as compared to that of other topologies. Additionally, the DCC approach
with two coils achieves better gradient flux density while having lesser geometrical
complexity as compared to that of the Helmholtz-Maxwell pair consisting of four
coils. To conclude, the DCC configuration is a promising approach for the future
study of actuation systems as it has higher gradient flux density, lesser geometric

complexity and is also cost effective.
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3.1 Introduction

TDD is a means of administering medication to a patient in such a way that the
medication concentration in disease-affected areas of the body is higher than in oth-
ers. MNPs have various benefits over standard DDSs, including regulated magnetic
responsiveness, biocompatibility, longer circulation lifespan, surface recognition
and surface stability. MNPs based therapeutics have been explored and developed
for biomedical applications in the treatment of cancer and many other disorders
over the past three decades. MNP-based drug delivery research is broadly divided
into two areas. The first one focuses on the synthesis and characterization of MNPs
for drug delivery. Another area of investigation is the development of actuation
devices to regulate the movement of MNPs from the location of injection to a
targeted diseased location in the vasculature. Several strategies have been offered
in the literature to attain this goal. Magnetic particles were initially trapped by
static magnetic fields generated by permanent magnets or superconducting mag-
nets. However, the use of a static magnetic field was not shown to be successful in
targeting magnetic particles deep within the body. Chapter 2 demonstrates that
the influence of the magnetic field produced by a single coil decays significantly
as the MNPs move away from the coil. Electromagnets are commonly utilized
as actuators to reach deep regions within the body. A comparative analysis of
Helmholtz, Maxwell, Helmholtz-Maxwell pair and DCC configuration presented
in Chapter 2, highlights that the DCC approach produces the highest gradient
magnetic flux density for navigating the MNPs.

In a magnetically actuated TDDS, the MNPs are guided to the desired blood
vessel by steering them from the bifurcation points, using an external EMA sys-
tem. To facilitate the steering process, the magnetic force exerted by the EMA
system dominates over the hydrodynamic drag force induced by the blood flow.
However, this dominance has an adverse effect of adhering some MNPs to the side-
walls of the channel. To overcome this problem, we propose an EMA system with
a new approach for actuating the MNPs using electromagnets. An EMA system
is designed using a particular arrangement of four circular electromagnetic coils.
The coils are used to produce a magnetic force for steering of MNPs to the correct
outlet. The coil parameters and currents in each coil are optimized to efficiently
steer the MNPs in a Y-shaped microchannel. The goal of the proposed design
is to enhance efficacy by alleviating the detrimental effect of the MNPs getting
steered to the undesired outlet. The main contribution of this chapter is to opti-
mize the geometrical parameters and supply current for each coil in the four coils

arrangement to produce a magnetic force along the desired direction of steering.
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3.2 Classification of Materials

Magnetic materials are considered to be magnetizable, which means that when a
magnetic field is applied, the material itself becomes a source of the magnetic field.
Magnetic materials are classified as diamagnetic, paramagnetic, ferromagnetic,

antiferromagnetic and ferrimagnetic.

3.2.1 Diamagnetic

Diamagnetic materials have permeability that is just slightly different from that
of free space, with little or no magnetism. It does not have a permanent magnetic
field and when these materials are subjected to an applied field, atomic currents

are generated, resulting in a bulk magnetization that resists the field.

3.2.2 Paramagnetic

At the atomic level, paramagnetic materials have a net magnetic moment, but the
coupling between nearby moments is weak, as shown in Fig 3.1. These moments
tend to align with an applied field, but the degree of alignment diminishes at

increasing temperatures owing to thermal agitation’s randomizing effects.

Figure 3.1: Paramagnetic material

3.2.3 Ferromagnetic

At the atomic level, ferromagnetic materials have a net magnetic moment, but
unlike paramagnetic materials, there is a significant coupling between nearby mo-
ments, as shown in Fig 3.2. This connection causes a spontaneous alignment of
moments over macroscopic areas known as domains. When the material is exposed

to an applied field, the domains become even more aligned.
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_— —s —>
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Figure 3.2: Ferromagnetic material

3.2.4 Antiferromagnetic

Antiferromagnetic materials have orientated atomic moments, with adjacent mo-
ments antiparallel to one another, as shown in Fig 3.3. There is no net magnetic

moment in antiferromagnetic materials since the surrounding moments are equal.

Figure 3.3: Antiferromagnetic material

3.2.5 Ferrimagnetic

Ferrimagnetic materials have orientated atomic moments, with adjacent moments
antiparallel to one another. Unlike antiferromagnetic materials, ferrimagnetic ma-

terials have uneven adjacent moments and a net magnetic moment, as shown in
Fig 3.4.

«— - «—
—_— s >
«— «—

Figure 3.4: Ferrimagnetic material
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3.3 Theoretical Concepts

3.3.1 Electromagnet

Current Out Current In

Figure 3.5: Electromagnet [95]

An electromagnet is a magnet that generates a magnetic field by using an
electric current. When the current is switched off, the magnetic field vanishes.
Electromagnets are typically made of wire twisted into a coil. A current flowing
through the wire produces a magnetic field that is focused in the hole in the middle
of the coil. The wire turns are frequently coiled around a magnetic core consisting
of a ferromagnetic or ferrimagnetic material. The magnetic core concentrates the
magnetic flux and creates a more powerful magnet. The north and south poles
of an electromagnet are determined by the direction of current flow through the
wires, as shown in Fig 3.5. The strength of an electromagnet may be increased by
increasing the number of wire turns in the coil, increasing the current in the wire,
and adding a magnetic material for the core.

The major benefit of an electromagnet over a permanent magnet is that the
magnetic field may be altered quickly by varying the amount of electric current in
the winding. In contrast to a permanent magnet, which does not require electricity,
an electromagnet requires a constant source of current to sustain the magnetic
field. Electromagnets are frequently utilized in different electrical devices such as
loudspeakers, motors, electromechanical solenoids, generators, hard discs, relays,
scientific instruments, MRI machines, and magnetic separation equipment. In
industry, electromagnets are used to pick up and move heavy iron items such as

scrap iron and steel.
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3.3.2 Magnetic Phenomena

The magnetic field can be generated easily using a permanent magnet or a current-
carrying electromagnetic coil. Magnetic behaviors are classified into three types
based on their response to magnetic fields and the nature of the material: ferro-
magnetic, paramagnetic, and diamagnetic. Ferromagnetic materials are those that
can be strongly attracted to and hold magnetization by a magnet. Paramagnetic
materials are weakly attracted to magnets and can only be magnetized if an exter-
nal magnetic field is introduced; if the field source is withdrawn, the magnetization
is lost. Diamagnetic items are frequently repelled by both poles of a magnet be-
cause their susceptibility is typically negative or tiny enough to be regarded as
insignificant. The susceptibility is a dimensionless quantity that quantifies the

amount of magnetization that material has in response to a magnetic field.

Magnetophoresis

Magnetophoresis occurs when a combination of any two materials in an aqueous
solution with varying susceptibilities is subjected to an external magnetic field. Be-
cause the two materials have varied abilities to retain magnetization, the material
with higher susceptibility will experience stronger attraction and will align towards
the magnetic field source. However, because of the relative attraction motion of
the higher susceptibility material, the other material with lower susceptibility will
be repelled in the displacement of the attracted material. As a result, depending
on the apparent magnetic susceptibility of the target particle in its medium, the

magnetic force might be either attractive or repulsive.

Positive Magnetophoresis

Positive magnetophoresis is the most widespread manipulation method and oc-
curs when paramagnetic particles are suspended in a diamagnetic medium such
as water. It enables paramagnetic particles to concentrate at magnetic field max-
ima, allowing for separation and mixing. Positive magnetophoresis can be used to
manipulate and separate biological samples that have been labeled with magnetic

beads as tags.

Negative Magnetophoresis

Negative magnetophoresis is a label-free method of dealing with diamagnetic parti-
cles using a paramagnetic carrier fluid. When diamagnetic particles are subjected
to an external magnetic field gradient, the magnetic susceptibility mismatch be-

tween the diamagnetic particle and the paramagnetic medium produces a negative
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magnetophoretic force that pushes the particles away from the magnet. In a para-
magnetic medium, a diamagnetic particle flows towards the magnetic field minima.

Diamagnetic particles can be manipulated, mixed, and separated in this manner.

3.4 Actuation System

3.4.1 Mathematical Model

The transport of magnetizable particles in a microfluidic system is governed by
several factors including (a) the magnetic force, (b) hydrodynamic drag force, (c)
particle/fluid interactions, (d) gravity, (e) buoyancy, (f) inertia, and (g) interpar-

ticle interactions. Considering Fe3O, particles in a Y-shaped microchannel and

Table 3.1: Modeling parameters of MNP, microchannel and suspension fluid

Parameter Value Unit
Diameter of the channel 1 mm
Diameter of the MNP 250 nm

Fluid relative permeability 1 -

Fluid flow rate 1 mL/min
Fluid viscosity .001 Pa.s
Fluid density 1000  kgm=3

Particle density 5000  kgm™3

the modeling parameters of MNP, microchannel and suspension fluid are shown
in Table 3.1. The gravitational force on a Fe30, particle suspended in a fluid is

given by
Fy = ppVpy, (3.1)

where p, is the density of FesOy, V, = %”Rg is the volume of Fe3O, particle, R,
is the radius of the particle and ¢ is the acceleration due to gravity. The buoyant

force on a Fe3O, particle suspended in fluid is given by
Fb = prfg, (32)

TH-2667_156102004



36 Chapter 3 : Design & Optimization of EMA Systems

where py is the density of fluid , V; =V}, is the volume of displaced fluid which is
equal to the volume of Fe30, particle. The forces due to gravity and buoyancy are
significantly smaller than the magnetic and fluidic forces. Thus, these forces can
be neglected in our analysis. Similarly, the inertial force is also a second-order term
and could be neglected. As for the other forces, we assume that we are dealing
with dilute particle suspensions, for which inter-particle effects and particle-fluid
interactions can also be neglected [96]. We further restrict the analysis to particles
that are sufficiently large (diameter ~ 250nm) so that Brownian motion can be
ignored. For example, Brownian motion of Fe30, particles in fluid is negligible
when the particle diameter is greater than 40 nm [97]. However, the details of
these computations are complicated and beyond the scope of this thesis work.
To simplify the analysis, we consider particles in low concentration and neglect
particle/fluid and interparticle interactions [98]. Also, we take into account only
the dominant forces, viz. magnetic force and drag force and ignore all other forces,
which are second order. All other forces are ignored, as they are much weaker
than the dominant forces [75]. We consider that the MNPs flow in a Y-shaped
bifurcating microfluidic channel, which mimics the in vivo blood vessel [99, 100],
as shown in Fig. 3.6. The MNPs injected into the inlet channel are propelled by
the hydrodynamic drag force (Fp), resulted due to the fluid flow in the channel.
The drag force on the MNPs with radius R, is given by Stokes drag force [101],
102],

Fp = 6mnR,(T; — T,), (3.3)

Bifurcation point

e N

.|| _,,”

(\Zme o

Magnetophoretic force to steer
the MNPs to Outlet 1

Fluid velocity profile across the :
diameter of the channel /

Figure 3.6: A 3D Y-shaped fluidic channel. Green arrows and red arrows represent
the fluid velocity profile and applied magnetic field respectively.
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where 7 is the fluid viscosity, vs and v, are fluid and particle velocity respectively.
The MNPs injected into the inlet channel are propelled by the laminar flow, which
shows a parabolic profile of fluid flow velocity. The fluidic force depends on the
fluid velocity in the microchannel. The variation of a fully developed laminar flow
along the x-axis with the flow velocity parallel to the y-axis, as represented in

Fig. 3.6, is given by
2

i x
Uf = 2Uf (1 — ﬁ) ) (34)
where v is the average fluid velocity and R, is the radius of the microchannel.

Considering the x-y plane and substituting (3.4) into (3.3), we obtain the fluidic

force components

ﬁpx = 077 -
(3.5)

T

2
FDy = —67T?7Rp |:77py — 217]0 (1 — E>:| .

Due to this fluidic force, the MNPs are dragged along the direction of the fluid. In
this analysis, we consider stabilized iron oxide (Fe3O4) as MNPs [103]. Meanwhile,
at bifurcation points of the channel, the fluid flow will drag the MNPs to a random
outlet. Therefore, an external guidance system is required to direct the MNPs,
from the bifurcation point to the correct outlet. It is important to note that, while
the hydrodynamic drag force drives the MNPs from the inlet to the target location,
the guidance system is explicitly used at the bifurcation points to ensure that the
MNPs are delivered through the desired outlet. We consider an EMA system,
which produces magnetic force to steer the MNPs to a specific outlet. The basic
building blocks of the EMA system, used for guiding the MNPs in a TDDS, are
the circular coils carrying current. The wire turns and the current in the coils
generate a magnetic field. This magnetic field along with its gradient produce a
force, known as magnetophoretic force (Fyap). The MNPs suspended in a viscous
medium experience this force, Fiyap, as shown in Fig. 3.6, for guiding the MNPs
to Outlet 1.

A first order approximated linear magnetization model with saturation is used
to predict the magnetic force on MNP [104]. In free space, mesy = V,, M, where
M, is the magnetization of the MMP with radius R, and volume V), = %WR;’. Note
that M, is a linear function of the field intensity (M, = x,H;,) up to a saturation
value, beyond which it is constant. H;, = H — Hgenmqg is the field intensity inside
the MMP, where Hgemeg = % is the self demagnetization field intensity that
opposes H [105]. The effective magnetic dipole moment, M.ss, of a spherical

MNP, with radius R, and permeability ,, suspended in a linear magnetizable

TH-2667_156102004



38 Chapter 3 : Design & Optimization of EMA Systems

fluid of permeability s is [93] given by

My = Am Ry K (py, p1y) H,

3.6
Hp — Hf ( )

where K(pp, py) = :
e Hp + 24

such that K represents the strength of effective polarization of the MNPs and H is
the strength of magnetic field produced by the EMA system. The magnetophoretic

force exerted by a nonuniform magnetic field on an MNP is given by [93]

r QWMfR?)Mﬁﬁ?, (3.7)
where VH? = 2(H - V)H.

Simplifying equation (3.7) in terms of magnetic susceptibility, we get

£ O = xz) 2 N
Farap = 4mpusR3 (H-V)H. (3.8)
P06 —x0) +30 + 1)
Here, x, = % — 1 and p, are the magnetic susceptibility and permeability of the
particles, respectively. x; = % — 1 and py are the susceptibility and permeability
of the carrier liquid, respectively. Considering x; << 1(us = o), equation (3.8)

reduces to ( )
Fryap = dmppRE—=L—"4 —(H - V)H. 3.9
/ p(xp—Xf)+3( 39
Therefore, equation (3.9) clearly shows the dependency of magnetophoretic force

on radius of the particles.

The movement of the MNPs depends on the direction and magnitude of Fy;4p
and the direction of F);4p depends on the direction of the magnetic field gradient.
From the above discussion, it may be noted that the major forces experienced by
the MNPs injected in a fluidic channel are hydrodynamic drag force and magnetic
force [106]. Hence, to steer the MNPs to a specific outlet in the channel, Fysap,
generated by electromagnetic coils, is applied orthogonal to the direction of Fp,
as shown in Fig. 3.6. Therefore, the total force, F', acting on the MNPs can be
expressed as

F = Fyap + Fp. (3.10)

The transport of MNPs in a microfluidic system can be predicted using Newton’s
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second law of motion,
dU — —
mpd_tp :FMAP+FD- (311)

Where, m,, and v, are the mass and velocity of the MNPs. Although the inertial
term mp% could be ignored due to its small value, we still consider its effect in
our analysis to obtain more accurate MNP trajectories.

The equations of MNPs trajectory under the influence of both magnetic and
fluidic force can be written in component form by substituting (3.5) and (3.9))

into (3.11) as follows:
dx

dUpq v 30 — X¢) ﬁdﬁ

4 e 6mR,T,,, 3.13
mp dt luo p(Xp_Xf>+3 dﬂj 7T77 pvp ( )
dy
un(t) = =, (3.14)
dz, 2
mp% — —6mR, [ﬁpy — 20 (1 - %)] . (3.15)

Equations (3.12) - (3.15) represent a coupled system of first order differential
equations, which are solved subject to initial conditions for x(0), y(0), v,,(0) and
Upy(0). These equations can be solved numerically using various techniques such
as the Runge-Kutta method [97]. Precisely, by solving equations (3.12) and (3.13)
with initial condition x(0) = 0 and v,,(0) = 0, we obtain the solution of ¢ at
x(t) = 1 (¢, say). Now, we solve (3.14) and (3.15) using ¢ with y(0) = 0 and
v,,(0) = 0, to obtain the solution y().

The fluid flow in a channel shows the parabolic velocity profile [87] with a
maximum value at the center of the channel and F), is proportional to the fluid
flow velocity (3.3). Precisely, Fp decreases when traversed from the center to the
sidewalls along a line segment in the channel. Thus, the minimum value of Fi4p
must be greater than the maximum value of Fp for steering the MNPs to the
desired channel. Therefore, Fiyjap >> Fp near the sidewalls as compared to the
center of the channel. Due to this, the MNPs adhere to the channel walls at the
bifurcation points. This problem is known as Stiction Issue of MNPs in this type
of TDDS [87]. This sticking phenomenon reduces the efficiency of the actuation
system for navigating the particles to the desired outlet. Therefore, we need a

mechanism to free the particles from the channel walls.
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Figure 3.7: 3D view of the proposed EMA system

3.4.2 Proposed Design

In view of a simpler simulation and experimental framework, we design an EMA
system considering the guidance of MNPs along a single axis (x axis) of the channel.
The system comprises of four circular current carrying coils, as illustrated using
3D view in Fig. 3.7. The position and structural parameters of the two outer and
two inner coils are identical and symmetric about the y-axis, as shown using XY
cross-sectional view in Fig. 3.8. We consider a square cross-section of length Sj,
symmetric about the origin in the x — y plane, as the region of interest. The
width and height of inner and outer coils are w;, h;, w, and h, respectively. The
current flowing in Coil 1, Coil 2, Coil 3 and Coil 4 are represented as I, I,
I;r and I,g respectively. The direction of current in each coil depicted using red
arrows in Fig. 3.7 and Fig. 3.8, are such that it produces a positive magnetic field
gradient along the x-axis. Fig 3.8 shows an actuation system for the line segment
along the x-axis. To reduce structural complexities and for ease of data analysis,
we consider one-dimensional steering of MNPs along the x-axis in the proposed
work. Hence, the arrangement of electromagnetic coils is done in such a way that
it can exert magnetic force only along the direction of x-axis. However, a real-time
TDDS requires a three dimensional steering mechanism. Hence, a real-time system
will require an arrangement of another 8 coils (4 along y-axis and 4 along z-axis),

which are symmetric to the 4 coils considered in this work. Thus, to accommodate
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Figure 3.8: XY cross-sectional view of the proposed EMA system

the remaining coils in a symmetric fashion along the other two dimensions, while
avoiding the overlapping of the coils, we need to have a minimum gap of inner
coil height h; in between the inner coil and the region of interest. For the sake of
clarity, two dimensional system for two line segments along the x-axis and y-axis

is shown in Fig. 3.9.

Figure 3.9: XY cross-sectional view of EMA system for steering both in X and Y
direction.
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S, X0 s, X

2 2
Figure 3.10: Qualitative illustration of nature of magnetic field strength with
respect to coil parameters (H and V H positive in the region of interest for steering
the MNPs): (a) XY cross-sectional view of EMA system with a region of interest
represented by a square of side length S;, (b) magnetic field strength produced by
each coil without superposition, (c) resultant magnetic field strength produced by
EMA after superposition and (d) resultant magnetic field strength produced by
only outer two coils.

Fig. 3.10 plot represent a qualitative analysis of the desired magnetic field,
required to be produced by the proposed system for steering, while overcoming
the sticking phenomenon of MNPs. The direction of current in each coil depicted
using red arrows in Fig. 3.7. This implies that Coil 1 and Coil 3 produce a positive
magnetic field strength, while Coil 2 and Coil 4 produce a negative magnetic field
strength, as shown in Fig. 3.10b. Now, for steering the MNPs along the positive x-
axis, the resultant magnetic field strength and its gradient should be positive along
the region of interest, as shown in Fig. 3.10c. Also, to mitigate the stiction issue

of MNPs, it is desirable to have a positive magnetic field strength and negative
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gradient, as shown in Fig. 3.10d. To achieve these objectives, we design the coil
parameters elaborated as follows. The magnetic field strength produced by each

coil as shown in Fig. 3.10b is expressed as:

H o NO]OLRE
N0 + a0)? + R
o B NI R?
GOl 2= 9 (@ + m;)? + RIP2
3.16
I pm N; ;g R? ( )
Coil 3 — 2[(1' . Ii)Z + R?]g/Q?
N,I,rR?
Hecoit 4 = — i

2[(x — x,)% + R2)3/%’

where, x; & z,, R; & R, are the mean distance from the origin and the effective
radius of the inner & outer coils respectively. The number of wire turns for the

coils are expressed as

Ni _ k“(’iw;h’,
(3.17)
N, — kwdw(;h()’

where k,, is the coil winding factor of the round wires of diameter d,, = 1.02 mm

and k, = 7. The distance of the coils from the origin are given by

Sl Ww;
i — A hl a0
x 5 + n; + 5
U4 g 2 o
Lo = o A R e
2 2
The radius of the coils are defined as
d; + h;
Ri = 5
2
3.19
_deh (3.19)
)

Fig. 3.10c shows the resultant magnetic field strength produced by the proposed

EMA system, which is the vector sum of the fields due to each circular coil and is
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expressed as

o Nyl R NI, R?
T fwra A RPP At ai) + BPP (3.20)
N;L;rR? N,I,rR? '

T Al —a P + RIPP T 2w —a,) + R

Fig. 3.10d shows the resultant magnetic field strength produced by only outer two

coils (Coil 1 and Coil 4) and is expressed as

N,I, R? .. N,I,pR?
2(w + 2o + R 2(w — o) + REP (3.21)

H =

do = d/

>
S

(©) X
(d) X
—_—/
\/S,’X:o 5,
2 2

Figure 3.11: Qualitative illustration of nature of magnetic field strength with
respect to coil parameters (H and V H negative in the region of interest for steering
the MNPs): (a) XY cross-sectional view of EMA system with a region of interest
represented by a square of side length S;, (b) magnetic field strength produced by
each coil without superposition, (c) resultant magnetic field strength produced by
EMA after superposition and (d) resultant magnetic field strength produced by
only outer two coils.
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The Fyrap applied for steering the MNPs to Outlet 1 should be directed along the
positive x axis. Therefore, from (3.9), it is clear that the actuation system should
be designed in such a way that it generates a positive gradient magnetic field along
the x-axis. In the subsequent section, we consider optimizing the coil parameters

of our proposed design, such that the desired magnetic field is obtained.

3.5 Optimization of EMA System

In the proposed EMA system, a 2-D square area of length S; in zy plane with
center at the origin is considered as a region of interest for manipulating mag-
netic particles, as shown in Fig. 3.8. To reduce the geometrical complexities, we
consider that the inner diameters of the inner and outer coils are the same, i.e.,
d; = d, = 40 mm. Now, the geometry of the coils, i.e., w;, h;, w,, h, and the
magnitude of supply currents, i.e., I;r, I;r, I,; and I,z should be chosen such that
the resultant field follows the same trajectory in the region of interest, as shown
in Fig. 3.10c. Keeping this in mind, the coil parameters are optimized such that

H has the maximum value at %, provided both the magnitude and the gradient

_5 5
272

ical parameters of the coil and the power supply are limited by upper and lower

of H are positive Vz € | |. Furthermore, for practical feasibility, the phys-

bounds. The optimization framework with coil parameters as design variables is

described in P1 (3.23) and the range of the design variables are as follows:
20 < w; £ 100mm
20 < h; <100 mm
20 < w, < 100 mm
20 < h, < 100 mm
(3.22)
0< L <15A
0< Lir <15A

0< I, <15A

0< I,r <15A.
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1 " N,I,.R? NI, R?
. max = —
wihiwo,ho 2[(z 4+ x,)? + R2?2 2[(x + z;)%> + R?J3/?
Lip,lirlor,lor
N, R? N,I,pR?

oo — w2+ R 2w w)? + R, s

_5
2

subject to:H > 0 (3.23)

VH>0for—5/2<xz<.5,)/2
20mm < [w;, w,, by, hy] < 100 mm
0 < [Lir, Lir, Lo, Ior] < 15A

Furthermore, the optimization problem P1 can also be solved by considering both
H and VH are negative, which would require the coil current to be in the reverse
direction as compared to that in our proposed coil arrangement with H and VH
as positive, as shown in Fig. 3.11 (a). Note that our optimization problem is
designed based on the nature of the resultant magnetic field produced by the four
coils as shown in Fig. 3.11c. The coil parameters are optimized such that H has
the minimum value at %, provided both the magnitude and the gradient of H are
S Sy

negative Vo € [—3L, 3L]. Clearly, the optimization framework with negative H and

Algorithm 1 Steps for Solving P1

1: Initialization: Choose w?, hY, w?, hQ I, I, I% and I, such that they

lie in the feasible range as specified in (3.23); Iteration index ¢ = 0, Error
tolerance ¢ = 107°

2: repeat

3. Input: w!, hl, wl, b, I, It 17, and I,

4:  Solve H? using coordinate search method [107]

5. if H1— H! < ( then

6: Convergence = TRUE;

7. else

8: Convergence = FALSE, q=q+1;
9: end if

10: until Convergence = TRUE

11: Output: w! =wi, hf =hl, wi =w!, ki =he I} =1} 'y =1, I} =19

and [} = I,
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Figure 3.12: Variation of H vs following coil design parameters: (a) w; and h;, (b)
]iL and IiRy (C) Wo and ho, (b) IoL and IoR-

V H would require changing the current constraints in reverse direction. In this
work, we consider ' > 0 and VH > 0 as design constraint, which would steer
the MNPs to correct outlet. To satisfy the above constraint, we design the coil
arrangement and current directions of each coil in such a way that the nature of
magnetic field strength H of each coil yields a positive resultant magnetic field in
the region of interest (H > 0), as shown in Fig.3.10c. Now, the requirement for
optimization of the coil parameters in the proposed arrangement arises so as to
yield adequate Fj;4p required for steering the MNPs. Since, H is monotonically
increasing from —95;/2 to S;/2, it is obvious that maximizing the value of H at
S;/2 would also yield maximum VH, thus result in a high Fy4p. Hence, the
constrained optimization problem P1 is mathematically designed so as to attain
the maximum value of H at S;/2, which in turn, maximizes the slope of H, i.e.
VH in the region of interest. Although a quick glance at P1 conveys that the

objective is to maximize H, we would like to reiterate that our entire optimization
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Table 3.2: Optimal values of coil parameters using positive H and VH constraint

wy h W,y o I, Iir, Lir Ir

(mm) | (mm) | (mm) | (mm) | (A) | (A) | (A) | (A)

84.54 | 68.64 | 59.7 | 30.1 | 13.88 | 0.523 | 14.38 | 3.7

Table 3.3: Optimal values of coil parameters using negative H and V H constraint

wy hi Wo ho I, Iir, Iir Ior

(mm) | (mm) | (mm) | (mm) | (A) | (A) | (A) | (A)

84.54 | 68.64 | 59.7 | 30.1 |-13.88 | -0.523 | -14.38 | -3.7

framework is directly dependent on the nature of H obtained from the predefined
coil arrangement as shown in Fig. 3.10 and the end goal is to obtain maximum
V H in Mode 1. The solution of the problem P1 is obtained using the co-ordinate
search method [107], whereby the coil parameter values are iteratively updated till
convergence using Algorithm 1. The coil parameters obtained at the convergence
of Algorithm 1, denoted by 27, where 2 = {w, h, I} and j = {4,0,iR,iL,0R, 0L},
are chosen for designing our proposed actuation system. The optimization problem
P1 is described in (3.23).

Fig 3.12 shows variation of H with respect to the design variables in P1,
obtained from the intermediate steps of Algorithm 1. Clearly, the maximum value
of H for the given framework P1 is attained and the corresponding values of
the design parameters are presented in Table 3.2. A comparison of optimization
problems solved using H and VH as positive and H and VH as negative are

presented in Table 3.2 and Table 3.3 respectively.

3.6 Results and Discussions

In this section, we verify the optimized coil properties using finite element analysis
(FEA) simulation. The Simulation analyses are done using AC/DC and Partial
Differential Equation (PDE) interfaces module of COMSOL in steady state, to
evaluate the magnetic field, magnetic gradient and magnetophoretic force produced
by the proposed coil topology. Here, we use the optimized values of coil parametrs,
as shown in Table 3.2. In Fig. 3.13, the variation of magnetic field (B) and field
gradient (VB) are plotted. It may be observed from Fig. 3.13a & 3.13b that the
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Figure 3.13: Variation of (a) magnetic field and (b) magnetic gradient, in the
region of interest along the z-axis.

magnetic field, B and its gradient VB is positive. Acute static magnetic field
effects, such as nausea, vertigo, a metallic taste, and phosphenes can be induced
in magnetic fields greater than 2T. Adverse critical responses do not occur at
magnetic fields less than 2T [108].

It may be noted that Fy;4p experienced by the MNPs in a fluidic channel is
proportional to the particle volume [93]. Considering the diameter (R,) of the
MNP is 250 nm. Now, by using the values of B and VB as well as the value of
R,, it is clear from (3.9) that a positive Fysap is produced to steer the MNPs.
Fig. 3.14 shows the simulation result of our proposed system. It can be clearly

seen that the positive B and VB produces a positive Fy;4p for steering the MNPs.

0.2 1

0.1

0.0 -

FMAP (fN)

0.1 1

-0.2 -

40 -30 20 10 0 10 20 30 40
Position, x (mm)
Figure 3.14: Variation of magnetophoretic force in the region of interest along the

T-axis
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This force Fyr4p is mainly responsible to steer the MNPs to the desired location.

3.7 Chapter Summary

In TDDS, it is critical to focus MNPs deep into the body. The proposed concept
was optimized within the constraints of the available resources by employing an
optimum approach and commercially accessible software. The proposed design’s
theory, modeling descriptions, and simulation results were provided. The findings
show that the suggested EMA system is capable of steering MNPs. Because of
the basic coil construction and simple guidance system, this technique has a high
practical application. This chapter investigates the design of an electromagnetic
system to steer the magnetic nanoparticles in the desired direction for targeted
drug delivery. We have also optimized the coil parameters. The system comprises
of four coils, where all the four coils are operated simultaneously to produce a
sufficient magnetophoretic force, which steers the MNPs. In conclusion, we propose
a new design of an electromagnetic actuator for navigating the MNPs in a targeted
drug delivery system with enhanced accuracy of steering the drug to the desired

location.
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4.1 Introduction

Targeted Drug Delivery is a technique whereby drug loaded MNPs in the microflu-
idic channel are navigated to the target location under the influence of an external
magnetic field [90,100]. More precisely, the MNPs are injected into the inlet of a
Y-shaped bifurcating microfluidic channel. From the injection point, the MNPs
are propelled by the fluidic force, resulting from the laminar flow of fluid in the
microchannel. To steer the MNPs to the target outlet, an external magnetic field
is applied, which produces a magnetic force orthogonal to the direction of the
fluidic force. The parabolic profile of fluid flow velocity results in the dominance
of magnetic force over fluidic force at side-walls of the channel. This results in

aggregation and stiction of MNPs to the inner walls of the channel.

Several actuation methodologies are proposed in the open literature to miti-
gate the stiction and aggregation problem of MNPs [87,89,109]. The concept of
a functionalized magnetic field is proposed in [87,109], whereby a time-varying
multiplier function reverses the direction of magnetic force in alternate time slots
for steering and detaching the MNPs, respectively. In these works, it is observed
that the magnitude of the force exerted for steering the MNPs is the same as that
during pull back operation of the stuck MNPs. However, pulling back the MNPs
with such high force may cause some MNPs to cross over to the wrong direction,
thus leading to a reduction of navigation efficiency. To address this issue, a dis-
continuous asymmetrical field function is applied in [89], whereby the stuck MNPs
are detached with a much lower magnetic force, as compared to that for steering.
Specifically, the scheme uses three different time slots, the first two being used for
steering and stiction removal, while the third time slot comprises of a null mag-
netic field intended for disaggregation of the MNPs. However, it may be noted
that during the null slot, there will be no control of the actuation system over the
MNPs. This may lead to the random propulsion of MNPs to the undesired outlet
along with the fluid flow.

Motivated by the above works, we present a time-varying magnetic field (TVMF)
for effective steering of MNPs to the correct outlet of the bifurcated channel, while
taking into account the stiction and aggregation of MNPs during navigation oper-
ation. Specifically, we emphasize on the fact that, in contrast to [89], the stiction
removal and disaggregation of MNPs can be achieved in a single time slot by ad-
justing both the magnetic force as well as the slot duration. The TVMF operates
by switching between two modes of operation viz, (i) Mode 1 and (ii) Mode 2. In
Mode 1, the TVMF is applied for a certain duration so as to facilitate steering
of the MNPs towards the target outlet. During this process, some MNPs which
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Figure 4.1: 3D view of the electromagnetic actuation system and Y-shaped fluidic
channel.

aggregate and get stuck to the side-walls are released by applying the TVMF in
the reverse direction to that in Mode 1. The magnetic force resulting from the
TVMF in Mode 2 has a small magnitude, which can release the stuck MNPs at
side-walls but cannot steer them into the incorrect outlet. Furthermore, the fluidic
force dominates over this small magnetic force as the MNPs are pulled back from
the side walls (due to the former’s parabolic nature), thereby minimizing the ag-
gregation of MNPs. However, the influence of fluid force could result in a random
flow of MNPs in the channel. Hence, the duration for applying TVMF in Mode 2
has to be adjusted in such a way that the MNPs are confined within the desired
region of interest. This work aims to analyze the coupling of applied magnetic field
and switching time for effective navigation of MNPs in the channel. Simulation
results are presented to highlight the optimal switching time with respect to the

applied magnetic field, which is required to obtain the desired particle trajectory.

Table 4.1: Coil parameters of the proposed EMA system
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Figure 4.2: XY cross-sectional view of proposed EMA system and Y-shaped chan-
nel.
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4.2 System Model

We consider a four coils electromagnetic actuation system as shown in the 3D view
Fig. 4.1, for navigating the MNPs in a Y-shaped fluidic channel. The position
and structural parameters of the two outer and two inner coils are identical and
symmetric about the y-axis and the current flowing in Coil 1, Coil 2, Coil 3 and
Coil 4 are represented as I, I;1, I;r and I,r respectively, as shown in Fig. 4.1.
The XY cross-sectional view of the EMA system producing Fj;4p perpendicular

to Fp acting in the fluid flowing in the Y-shaped microchannel as shown in Fig 4.2.

Mode 1 Mode 2

"}% g."" Y-Shaped Channel ‘.‘% é"
) S 2 Sy
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F == direct the MNPs to ' F
MAP —> . Outlet 1 /-) « M4P
Magnetic forceto A%k o~
Tmf release the stuck MNPs’ mT Parabolic fluid flow

from the sidewalls Ll Velocity profile

y Inlet
‘ = =
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Figure 4.3: XY cross-sectional view of Y-shaped channel in Mode 1 and Mode 2.
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The coil parameters are presented in Table 3.2.

4.2.1 Stiction Issue and Aggregation

The EMA system designed using the coil parameters presented in Table 3.2 pro-
duces a gradient magnetic field along the z axis, to steer the MNPs to Outlet 1. The
MNPs injected into the inlet of the channel are propelled by Fp, they are steered
to Outlet 1 by Fi;ap applied orthogonal to Fp at the bifurcation point. Now, the
positive gradient magnetic field produced by our proposed EMA system, results
in an increasing Fy ap along the x axis (3.7). This, coupled with the parabolic
nature of fluid flow, causes dominance of Fy;ap over Fp i.e., Fyrap >> Fp, at the
inner sidewalls adjacent to Outlet 1. This leads to the stiction of MNPs to the
inner sidewalls of the channel, along the direction of magnetic force. Therefore we
need a mechanism to ensure that the stuck MNPs are released from the sidewalls
and directed to Outlet 1.

The proposed EMA system operates in two modes: (i) Mode 1, where all the
four coils operate simultaneously to steer the MNPs to Outlet 1, (ii) Mode 2,
where Coil 2 and Coil 3 are powered OFF and only Coil 1 and Coil 4 are active
as described in Section 3.4.2. This results in a magnetic force (Fy;4p) in oppo-
site direction as compared to Mode 1 as shown in Fig. 4.3 (arrow lines). While
Fyrap dominates over Fp in Mode 1, Fy 4p produced in Mode 2 is much lower in
magnitude than that in Mode 1. This results in dominance of Fp over Fy ap in
Mode 2, which, in turn, helps to detach the stuck MNPs from the side-walls and
also minimizes the aggregation of MNPs under the influence of dominant fluidic
force [89]. Fig. 3.10d illustrates a scenario where the magnetic field strength is
positive and monotonically decreasing in the region of interest. Thus, it follows
that the gradient of the magnetic field strength is negative. Therefore, a negative
Fyrap is produced along —z axis, which facilitates to pull back the MNPs from the
sidewalls. It is important to note that the magnitude of Fj;4p produced in this
case should be small, so that the MNPs are not steered to Outlet 2. Now, using
the values of coil parameters presented in Table 3.2, it is seen from (3.17) that the
number of turns for the outer coil is approximately three times lower than that
of the inner coils. Therefore, the magnetic field produced by the outer coils when
used in a standalone fashion, is much lower than that when both inner and outer
coils are simultaneously active. Hence, the outer coils facilitate to demagnetize the
MNPs at the sidewalls. Furthermore, the gradient of H is negative when only the
outer coils operate, as shown in Fig. 3.10d. Thus, by switching OFF the inner coils
for a certain period of time, the proposed EMA system can separate the MNPs

stuck to the sidewalls with a very small Fi;4p. The operation of the complete
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system combining both steering and demagnetization of MNPs is described in the

next subsection.

4.2.2 Working Principle

The proposed EMA system in Fig. 4.1, operates by switching between two modes
of operation as follows: (i) Mode 1 for steering of MNPs and (ii) Mode 2 for
demagnetization of the stuck MNPs.

e Mode 1: In this mode, all the four coils of the EMA system are powered
ON to steer the MNPs to Outlet 1, as shown in Fig. 4.2. It produces a
monotonically increasing magnetic field strength along the positive z axis,
which results in a positive Fy;ap with respect to r and orthogonal to the

direction of Fp at the bifurcation point of the Y-channel. Thus, in this mode
H > 0, VH > 0, Farap > 0, Fyap > Fp.

In this process, some of the MNPs flowing in the channel adhere to the

sidewalls.

e Mode 2: In this mode, the inner coils are powered OFF and only the outer
coils are active. The outer coils produce a positive magnetic field strength
and a negative field gradient, which results in a negative Fj;4p. Moreover,
the magnitude of the magnetic force in Mode 2 (F373%?) is much lower than
that in Mode 1 (F}M4%1), which ensures that the demagnetized MNPs move
forward with the drag force and do not get steered to the undesired outlet.

Thus, in this mode

H >0, VH <0, Fyap <0, Fif5%* << Fy/55.

This cycle is being repeated throughout the actuation mechanism. Thus, by adopt-
ing a switching mechanism to modulate the magnetophoretic force, the proposed
EMA system can efficiently resolve the stiction issue.

To address the aggregation issue of MNPs in the microfluidic channel, we pro-
pose a time-varying magnetic field (TVMF) for effective steering of MNPs to the
correct outlet of the bifurcated channel, while taking into account the stiction and
aggregation of MNPs during navigation operation. Specifically, we put emphasis
on the fact that, in contrast to [89], the stiction removal and disaggregation of
MNPs can be achieved in a single time slot by adjusting both the magnetic force

as well as the slot duration.
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Figure 4.4: Qualitative illustration of the nature of magnetophoretic force vs time.

Fig 4.4 shows a qualitative illustration of the nature of magnetophoretic force
resulting from the proposed TVMF. Our proposed TVMF operates by switching
between two modes of operation viz, (i) Mode 1 and (ii) Mode 2, as shown in
Fig 4.4. Here, Tyn and Topr are the ON and OFF time of the switch operated in
Mode 1 and Mode 2 respectively. In Mode 1, the TVMF is applied for a certain
duration so as to facilitate the steering of the MNPs towards the target outlet.
During this process, some MNPs which aggregate and get stuck to the side-walls
are released by applying the TVMEF in the reverse direction to that in Mode 1. The
magnetic force resulting from the TVMF in Mode 2 has a small magnitude, which
can release the stuck MNPs at side-walls but cannot steer them into incorrect
outlet. Furthermore, the fluidic force dominates over this small magnetic force
as the MNPs are pulled back from the side walls (due to the former’s parabolic
nature), thereby minimizing the aggregation of MNPs. However, the influence
of fluid force could result in random flow of MNPs in the channel. Hence, the
duration for applying TVMF in Mode 2 has to be adjusted in such a way that
the MNPs are confined within the desired region of interest. This work aims to
analyse the coupling of applied magnetic field and switching time for effective
navigation of MNPs in the channel. Extensive simulations are performed to find
the optimal switching time with respect to the applied magnetic field, such that
desired particle trajectory is achieved. Precisely, the optimal duration of ON time
and OFF time required for effective navigation as well as minimization of stiction
and aggregation of MNPs is found to be Toy = 3Tppp.

From the above discussion, it is clear that the entire navigation process in our
work is performed by adjusting an external magnetic field, thereby avoiding any
random propulsion of MNPs. Hence, we believe that our approach can achieve bet-

ter navigation efficiency by minimizing the steering of MNPs to undesired outlet,
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as compared to that in [89].

4.3 Simulation Framework

COMSOL Multiphysics employs finite element method (FEM) to numerically ap-
proximate solutions of partial differential equations (PDEs) with known boundary
conditions. The Magnetic Fields interface from AC/DC module is used to com-
pute magnetic field in and around the electromagnetic coils. The Magnetic Fields
interface solves Maxwell’s equations formulated using the magnetic vector poten-
tial. The variables that describe the current direction in coils are solved using
Coil Geometry Analysis. The Magnetic Field interface used to compute the mag-
netic field may not be able to evaluate the spatial derivative of the magnetic field
components, as the degrees of freedom correspond to components of the magnetic
vector potential. Therefore, Coefficient Form PDE interface is used to evaluate the
derivatives of the magnetic field components using scalar basis functions [110]. A
steady state Laminar Flow interface from Computational Fluid Dynamics (CFD)
module is used to compute the velocity profile of the fluid flow inside the Y-shaped
channel. The fluid flow drag force is considered in the simulation. The fluid mod-
eling parameters are selected to reflect blood behavior. The Particle Tracing for
Fluid Flow interface from Particle Tracing Module is used to compute the motion
of particles in the Y-shaped channel. Particle movement can be driven by drag
and magnetic forces. Steady state solver is used for fluid flow and time-dependent
solver is used to compute particle trajectory. Unidirectional or one-way coupling is
used from the magnetic fields and laminar flow module to the particle trajectories.
In other words, first the fields with gradients and velocity profile are computed,
and then these fields, gradients and flow velocity are used to exert forces on the

particles.

4.4 Results and Discussions

In this analysis, we consider the motion of MNPs in a viscous carrier fluid under
the influence of an applied magnetic field. We restrict our attention to slow flow
regimes where the magnetic and viscous drag forces dominate, and we neglect the
rotational couplings to predict the motion of submicron or larger sized particles.
We use classical Newtonian dynamics to study particle motion. The MNPs are
injected at the inlet of a Y-shaped microchannel, with an incompressible fluid
flowing through it, as shown in Fig. 4.3. The simulation parameters are presented
in Table 3.1.
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Figure 4.5: (a) Magnetic field intensity with respect to position and time along the
space available in between the symmetrical coils, and (b) magnetic field intensity
along the channel diameter for Mode 1 and Mode 2 respectively.

Fig. 4.5 shows the variation of magnetic field intensity (H) operating alternately
throughout the navigation process in the following two modes: (i) Mode 1 for
steering the MNPs to Outlet 1 and (ii) Mode 2 for releasing the stuck MNPs from
the sidewalls of the channel. Fig. 4.5a represents the variation of H with respect
to both time and position. The plot depicts the overall behaviour of H along the
space available in between the coils (—40 mm to 40mm). Note that the region
of interest lies along the channel diameter (—0.5mm to 0.5mm). Fig 4.5b shows
the 2D behaviour of H with respect to position for both the modes of operation,
specific to the region of interest i.e, (—0.5mm to 0.5mm). Without any loss of
brevity, we present an analysis of TVMF at the center of the Y-shaped channel
(x = 0), as shown in Fig. 4.6. Here, Toy and Tpprp are the ON and OFF time of the
switch operated in Mode 1 and Mode 2 respectively. From extensive simulation

analysis, the optimal duration of ON time and OFF time required for effective
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Figure 4.6: Magnetic field intensity with respect to time.

navigation as well as minimization of stiction and aggregation of MNPs is found
to be Ton = 3Torr. During the ON time (Mode 1) of the switching operation, the
MNPs are steered to Outlet 1, which results in aggregation and stiction of MNPs
at the sidewalls. During OFF time (Mode 2) of the switching operation, the
stuck MNPs are released from the sidewalls and disaggregated under the influence

of dominant fluidic force. The switching operation of the H takes place in this
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for both Mode 1 and Mode 2.
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Figure 4.8: Magnetophoretic force for both Mode 1 and Mode 2.

fashion at all positions throughout the region of interest (along x-axis), as shown
in Fig. 4.5a.

In Fig. 4.7, the variation of H and field gradient (VH) are plotted. It may be
observed from Fig. 4.7a & 4.7b that H and VH are positive in Mode 1. Clearly,
a positive Fiy4p is produced in Mode 1 to steer the MNPs to Outlet 1, following
(3.9). However, Mode 2 produces a monotonically decreasing positive magnetic
field intensity along the positive z-axis, as shown in Fig. 4.7a, which implies a
negative magnetic field gradient as shown in 4.7b. Consequently, F;4p is negative
following (3.9) and the magnitude is small enough to ensure that the MNPs get
demagnetized and detached from the sidewalls and move forward with drag force.

The dominance of Fp over Fj;4p facilitates the disaggregation of MNPs in Mode 2.

In Fig. 4.8, the variation of magnetophoretic forces (Fyrap) for both Mode 1
and Mode 2 are simulated and plotted. It may be noted that Fi;4p experienced by
the MNPs in a fluidic channel is proportional to the particle volume [93]. It may
be observed from Fig. 4.7 that H and V H is positive in Mode 1. Consequently, a
positive Fyyap is produced (3.9) in Mode 1, which steers the MNPs to Outlet 1.
However, Mode 2 produces a monotonically decreasing positive magnetic field
along the positive x-axis, as shown in Fig. 4.7, which implies a negative magnetic
field gradient. Consequently, Fisap is negative following (3.9) and the magnitude
is small enough to ensure that the MNPs get demagnetized and detached from
the sidewalls. Fig. 4.8 shows the simulation based performance comparison of our
proposed system with that in [87]. In [87], two coils are configured such that a
positive magnetic field is produced for steering (labeled as Mode 1) and an equal

and oppositely directed magnetic field is produced to detach (labeled as Mode 2)
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Figure 4.9: MNP trajectory inside the channel.

the MNPs from the vessel wall. Consequently, the magnitude of F;4p remains
same for both Mode 1 and Mode 2, while acting in opposite direction. It can
be clearly seen that the Fy;ap for steering the MNPs in both the systems using
Mode 1 follows the same profile with comparable magnitude. The justification lies
in the fact that both the systems show a similar magnetic field strength profile
during Mode 1. However, in Mode 2, Fj;4p produced in our system is much lower
than that in [87]. Comparing the values of Fy;4p at three different points in the
region of interest, i.e., r = —20mm, x = Omm and x = 20mm, we observe that the
force exerted to release the MNPs are respectively 99.48%, 99.8% and 99.9% lower
in our system than that in [87]. This highlights that the force used to mitigate the
stiction issue in our system does not have adverse affect of guiding the MNPs to
the undesired outlet.

Fig. 4.9 represents the analysis of trajectory of MNPs with the switching op-
eration. The movement of MNPs are tracked inside the Y-shaped channel having
radius 0.5 mm. In Mode 1, the MNPs are steered along the positive x direction,
which results in a net displacement along the sidewalls of the channel. Subse-
quently, in Mode 2, the MNPs are pulled back from the sidewalls in the opposite
direction, to avoid stiction and aggregation of MNPs at the sidewalls. From sim-
ulation analysis, we find that the optimal time duration required to pull back the
MNPs at the center of the channel is given by Torr = 20 ms. If the switching

time in Mode 2 exceeds the optimal value, the resultant magnetic field intensity
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will pull back the MNPs beyond the center of channel, which would lead to wrong
navigation at the bifurcation point. This ON & OFF cycle is repeated throughout
the navigation process to ensure that the MNPs trajectory is confined within the

center and the sidewall of the channel leading towards the correct outlet (Outlet 1).

4.5 Chapter Summary

This chapter addresses the stiction and aggregation issue of MNPs in TDDS. In a
magnetically actuated TDDS, the MNPs are guided to the desired blood vessel by
steering them from the bifurcation points, using an external EMA system. During
the steering process, some of the MNPs aggregate and stick to the vessel wall, thus
reducing the efficacy of the navigation process. To mitigate this problem, a time-
varying magnetic field (TVMF) is applied for efficient navigation of the MNPs
in the channel. The TVMF alternately switches between two modes of operation
described as follows. In the first mode of operation, the TVMF is applied for
a certain time duration to generate the magnetic force required for steering the
MNPs to the desired outlet. The second mode of operation facilitates mitigation of
the stiction and aggregation of MNPs by modulating the TVMF and time duration
of operation, so as to yield a lower magnetic force in the reverse direction to that in
the first mode. Extensive simulations are performed to analyze the switching time
for effective steering of the MNPs using COMSOL Multiphysics. Results illustrate
that the time duration between the two modes of operation should be set using a
ratio of 3 : 1 for effective guidance of the MNPs to the correct outlet. The MNPs
that are separated from the sidewalls move ahead with the fluid flow to the desired
channel and this guidance mechanism is repeated till the MNPs reach the target
point. Results demonstrate that the magnetophoretic force produced to release
the adhered particles in our system is around 99.5% lower than that of an existing
EMA system, which aims to address the same issue. Thus, our system provides
enhanced efficacy in mitigating the stiction issue by alleviating the detrimental
effect of the MNPs getting steered to the undesired outlet.
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5.1 Introduction

In this chapter, we aim to implement the navigation system for MNPs using the
proposed EMA system. To achieve the realistic MNP guidance in in vivo trials,
each patient’s precise 3-D blood map should be retrieved using imaging technolo-
gies such as MRI. The MNPs are injected into the blood vessels obtained from the
imaging technique and propelled by the blood flow velocity. The proposed EMA
system is used to navigate the MNPs from the point of injection to the target

location.

5.2 Magnetic Nanoparticles

5.2.1 Synthesis

Iron oxide nanoparticles are widely used as magnetic particles for biotechnology
and medical applications, including contrast agents for MRI, cell recognition and
separation and drug delivery, due to their high saturation magnetization and high
magnetic susceptibility. We consider F'e3O, as drug carriers for TDDS. The super-
paramagnetic properties exhibited by FesO,4 ensures better control of the MNPs,
when subjected to an external gradient magnetic field in TDDS [111]. The par-
ticles need to be stabilized in the carrier liquid because they tend to agglomer-
ate due to Van der Waals forces. In addition, the magnetite nanoparticles are
very much susceptible to air oxidation. The synthesis of Fe30, is done by mix-
ing aqueous Fe?™ and Fe?T salt solutions, which is followed by the addition of
NH4OH base in the air environment, at an elevated temperature of 80°C using
co-precipitation technique [112]. The iron oxide nanoparticles are prepared using
analytical grade ferric chloride (FeCls - 6H50), ferrous chloride (FeCly - 4H50),
ammonium hydroxide (NH,OH). Initial molar ratios of Fe*t : Fe*t = 1.5 : 1
are used. Required amounts of FeCls - 6H>0O and FeCly - 4H,0 are dissolved in
40 ml of deionized water. The solution is heated at 80°C' for 1 hour while being
stirred. Fe3T : Fe*™ = 1.5 : 1 are stabilized in water media. A black suspension is
formed upon the addition of NH;OH. The crystal growth is allowed to proceed
for 30 min at 80°C' with constant stirring. The suspension is then cooled to room
temperature. In our simulation model, we consider that the particles are stable,

thus ignoring the intra-particle aggregation.
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Figure 5.1: FESEM image of Fe3O4

5.2.2 Characterization

Fig. 5.1 shows the FESEM image of synthesized Fe3;O,. The particle size ana-

lyzer determines particle size by measuring the rate of fluctuations in laser light

Intensity (%)

10 100 1000
Diameter (nm)

Figure 5.2: Size distribution of Fe30, using particle size analyzer (Beckman Coul-
ter Delsa Nano).
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Figure 5.3: Vibrating Sample Magnetometer (VSM) magnetization curve showing
saturation.

intensity scattered by particles as they diffuse through a fluid. Fig. 5.2 shows the
size distribution of synthesized Fe3O, using Beckman Coulter Delsa Nano and
the average diameter of the particles is approximately 250 nm. Fig. 5.3 shows the
magnetization characteristics exhibited by the synthesized Fe30y, indicating that
magnetic field strength of about H,,, = 1172.575kA/m is required for saturation
magnetization of MNPs, denoted as My, = 234.42kA/m. In the region of satu-
ration, all the domains of magnetizable particles are aligned along the direction
of the magnetic field. Since the graph shows nonlinear characteristics, the MNPs
are magnetized to 75% of M,, M = 172.82kA/m even when a low magnetic field
strength of H = 136.4kA/m is applied, which is only 11.6% of Hg,. This means
that the particles can be magnetized to a sufficient level by generating a magnetic
field in the middle range. Thus, application of a strong magnetic field may not be

required, as better efficiency can be achieved rather by a high gradient [85].

5.3 Experimental Setup

The synthesized Fe3O, nanoparticles suspended in fluid are injected into the Y-
shaped microchannel using a syringe pump and the flow rate is adjusted. For
i vivo application, the nanoparticles injected into the blood vessel are propelled

by fluid flow. Y-shaped microchannel is fabricated on the poly(dimethylsiloxane)
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Figure 5.4: Y-shaped microchannel fabricated on the PDMS substrate by replica
molding from the master mold.

(PDMS) substrate by replica molding from the master mold as shown in Fig 5.4.
Deionized (DI) water is used as suspension fluid in our experimental setup, since
it resembles the magnetic properties of blood (relative permeability is 1 for both).
However, the magnitude of viscosity of DI water and blood are different, 0.001 Pas
and 0.004 Pas respectively. Note that the value of fluidic force depends on viscosity
of the fluid. Therefore, to replicate the in vivo application, we have reduced the
flow rate of DI water, such that similar fluidic force as that of blood is obtained in
our experimental framework. Thus, the nanoparticles suspended in DI water are
injected into the Y-shaped microchannel using a syringe pump and the flow rate

is adjusted to yield similar fluidic force as that of blood.

5.3.1 3D Printing of Mold

3D printing has emerged as a potential method for creating 3D microchannels. A
computer-aided design (CAD) model of a 3D object decomposed into a series of
2D slices, is used in 3D printing to fabricate the physical object layer by layer.The
procedure is fully automated and may be used to create any 3D object. Through
the creation of molds for replication, 3D printing makes a significant contribution
to microfluidics. Y-shaped microfluidic device is fabricated using a mold produced
by a dual extrusion FDM 3D printer (Ultimaker S3). Briefly, the mold is designed
using CAD software and the resulting data was transferred to the 3D printer’s
software (Ultimaker Cura). Finally, thermoplastics are printed and cured for mold

fabrication.
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Figure 5.5: PDMS based Y-shaped microfluidic channel.

5.3.2 Fabrication of Y-shaped Microchannel

PDMS is a silcone-based organic polymer used extensively in professional and aca-
demic research laboratories for its low cost and high versatility. PDMS is inert,
transparent and easily customized via soft lithography, a technique used to mold
PDMS and imprint nano-scale features and microchannels into its surface. A well-
mixed PDMS was poured into a 3D-printed mold to fabricate a PDMS layer. The
PDMS layer is cured in an oven at 65°C for 48 h. After curing, the PDMS layer was
peeled off from the mold. Harrick Plasma Cleaner is used to remove organic con-
tamination and activate the PDMS surface in preparation for bonding with other
simillarly treated PDMS surfaces. After patterning a PDMS substrate by replica

molding from a master mold, the PDMS is oxidized in air plasma. An air plasma

2.5 mm

Figure 5.6: Microscopic view of the Y-shaped channel.
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Figure 5.7: Experimental Setup. Coil 1 & Coil 4 represent the outer coils and
Coil 2 & Coil 3 represent the inner coils. (a) Keithley 2230G-30-1, (b) PASCO 850
Universal Interface (UI-5000), (¢) Aplab LQ6324S, (d) PASCO Capstone Control
Panel, (e) PASPORT 2-Axis Magnetic Field Sensor (PS-2162) and (f) PASPORT
Rotary Motion Sensor (PS-2120A).

removes organic, hydrocarbon material by chemical reaction with highly reactive
oxygen radicals and ablation by energetic oxygen ions. This leaves silanol (SiOH)
groups on the surface, rendering the surface more hydrophilic and increasing sur-
face wettability. Following plasma activation, the PDMS is immediately placed
in contact with another oxidized PDMS surface to form bridging Si-O-Si bond at
the interface, creating an irreversible seal. This water-tight covalent bond results
in the formation of Y-shaped microchannel as shown in Fig 5.5. The microscopic

view of the fabricated Y-shaped channel is shown in Fig 5.6.

5.3.3 Electromagnetic Actuation System

The experimental setup of the EMA system is designed by using the geometrical
parameters of the coils given in Table 3.2, as shown in Fig. 5.7. Subsequently, the
number of wire turns in the outer and the inner coils are evaluated as 4986 and
1544 respectively, following (3.17). PASPORT 2-Axis Magnetic Field Sensor (PS-
2162) in conjunction with PASPORT Rotary Motion Sensor (PS-2120A) interface
is used to measure magnetic field strength along the x-axis, as represented in
Fig. 5.7. PASCO 850 Universal Interface (UI-5000) in combination with PASCO

Capstone software are used to record, display and analyze the data measured by
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the sensors. The electromagnetic coils are powered by programmable DC power
supplies (Keithley 2230G-30-1 and Aplab LQ6324S). Due to the limitations of our
resources, we use the DC power supplies which support a maximum current of
5A. Hence, we scale down the magnitude of current, given in Table 3.2, in equal

proportion, since H is linearly proportional to the currents I,;, I;;, I;r and I,g.

5.4 Results and Discussions

In this section, we validate the experimental results with that from the Finite Ele-
ment Analysis (FEA) simulation. The simulation analyses are done using AC/DC
and Partial Differential Equation (PDE) interfaces module of COMSOL in steady
state, to evaluate the magnetic field strength and gradient produced by the coils.

Fig. 5.8 and 5.9 shows the experimental validation of the performance of the
proposed EMA system in terms of magnetic field strength. It depicts the variation
of magnetic field strength along the x axis of the system, operating in both Mode 1
and Mode 2 for steering and demagnetizing of MNPs respectively. It may be
observed from Fig. 5.8 that the magnetic field strength in Mode 1 is positive at all
points and has an exponentially increasing profile. In contrast, the magnetic field
strength in Mode 2 is positive with a monotonically decreasing profile, as shown in
Fig. 5.9. Clearly, the experimental results show a close match with the simulation

results, thus highlighting the practical feasibility of the proposed system.
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Figure 5.8: Magnetic field produced by Mode 1

TH-2667_156102004



5.4 Results and Discussions 73

0.3

— B - Simulation
—&— Experimental

o
(X
L

Magnetic Field (mT)
o

o
o
1

40 20 0 20 40
Position, x (mm)

Figure 5.9: Magnetic field produced by Mode 2.

Fig. 5.10 presents the switching characteristics between Mode 1 and Mode 2,

in our proposed EMA system. The power supplies of the inner coils are turned
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Figure 5.10: Timing Analysis
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Figure 5.11: Video image analysis of the steering experimets. (a) Before applying
magnetic field and (b) after applying magnetic field around the bifurcation point.

ON/OFF manually in alteration, for a specific period of time. The variation of
the magnetic field is plotted at three different points in the region of interest, viz.
left edge (z = —%), mid-point (z = 0) and right edge (z = %) The ON cycle of
the actuator is used to steer the MNPs to Outlet 1 and the OFF cycle is used to
release the MNPs adhered to the sidewalls during the OFF cycle. This process is

repeated throughout the guidance mechanism.

Fig. 5.11 shows the video image data for experimental validation of steering of
MNPs in a Y shaped channel. To record the video data we have used a frame rate of
60 fps. Note that a higher frame rate could result in better visualization of particle
trajectory. This plot aims to provide a qualitative understanding of trajectory
dynamics of MNPs. The MNPs move under the influence of fluid flowing through
the channel and external magnetic field. When no magnetic field is applied, the
MNPs flow randomly through both outlets of the channel, as depicted in Fig. 5.11a.
Now, the EMA system exerts a magnetic field across the channel directed from
left to right, as shown in Fig. 5.11b. In presence of applied magnetic field, it is
observed in Fig. 5.11b that majority of the MNPs are steered to Outlet 1.

Fig. 5.12 shows the actual trajectory of MNPs in the channel under influence
of magnetic field produced by the EMA system. The particle trajectory analysis
is done using ImagelJ, an open-source image processing program [113]. For this
analysis, we first draw a line of reference at the centre of the channel as shown in
Fig. 5.12. The movement of MNPs are tracked in the region of interest around

the bifurcation point. We start the analysis from the inlet channel and the MNPs

TH-2667_156102004



5.5 Chapter Summary 75

0.6

‘— MNP trajectory with respect to the reference line

0 . 5 7] Y-Shaped Channel \

o

Reference line at the
centre of the channel

)
o
=Y
N 1
>
’ 19U

y o,

Y axis (mm)

Figure 5.12: Experimental validation of MNP steering to outlet 1 due to magne-
tophoretic force.

reach bifurcation point at a distance of 11 mm from the initial position in the inlet
channel. Radius of the channel is 500 pum. From this analysis, it is clearly seen
the MNPs follow a zigzag path, implying steering of the MNPs in Mode 1 (along
positive x direction) and pulling them back from the side walls in Mode 2 (along
negative x direction) in alteration to avoid stiction issue. Also, it is observed that
the force exerted by the system in Mode 2 is so small that the MNPs are not
pulled back beyond the reference line at any point. Furthermore, it is seen that
after crossing the bifurcation point (11 mm and beyond), the MNPs are steered to
a distance of approximately 600um from the reference line. Since, the MNPs are
deflected towards the positive x axis at a distance higher than the radius of the
inlet channel (500 pm), it is confirmed that the MNPs are steered to the correct
outlet (Outlet 1). From the particle area analysis in ImageJ, the particles reaching
Outlet 1 when the inner coils are switched ON and OFF is approximately 81.14%.
In contrast, the particles reaching Outlet 1 when all the coils are switched ON is

approximately 70.14%.

5.5 Chapter Summary

This chapter validates the proposed EMA system for TDDS. The synthesized
Fe;04 magnetic nanoparticles are used as carrier vehicles and the average di-

ameter of the particles are 250nm. A PDMS based Y-shaped microchannel is
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fabricated to mimic the in vivo application. The EMA system is designed using
the optimized parameters as defined in Table 3.2. We have addressed the stiction
issue by designing a novel EMA system. The system comprises of four coils, where
all the four coils are operated simultaneously for a certain period of a time cycle,
to produce a sufficient magnetophoretic force, which steers the particles at the
bifurcation point. During the remaining period, the system operates with only
two coils to demagnetize the stuck particles, which are then propelled by the drag
force to the desired outlet. Also, the reverse magnetophoretic force produced in
this cycle has a low magnitude, which ensures that the particles are not pulled
into the undesired outlet. The consistency of the experimental results with the
simulation results validates our proposed design in producing a modulated mag-
netophoretic force. In conclusion, we propose a new design of an electromagnetic
actuator for mitigating the stiction issue in a targeted drug delivery system with
enhanced accuracy of steering the drug to the desired location, thus ensuring the
removal of off-target side effects. We believe that the proposed design is a step
towards enhancing the efficacy of the targeted drug delivery system.

TH-2667_156102004



Chapter 6

Conclusions and Future Scope

Contents
6.1 Conclusion . . . . . . . . 78
6.2 Future Scope . . . . . ... 80

TH-2667_156102004 7



78 Chapter 6 : Conclusions and Future Work

6.1 Conclusion

This thesis investigated the design of an electromagnetic actuation (EMA) system
to steer the magnetic nanoparticles (MNPs) in a Y-shaped microfluidic channel for
targeted drug delivery. More precisely, we addressed the stiction and aggregation
issue by designing a novel EMA system. The system comprised of four coils, where
a time-varying magnetic field (TVMF) was used to navigate the MNPs injected
into the Y-shaped microfluidic channel. The proposed TVMF switched between
two modes of operation. During the first mode of operation, all the four coils were
operated simultaneously for a certain period of a time cycle, to produce sufficient
magnetophoretic force, which steered the particles at the bifurcation point. In the
second mode of operation, the system operated with only two coils to demagnetize
the stuck particles, which were then propelled by the drag force to the desired
outlet. The dominance of fluidic force over magnetic force ensured the disaggre-
gation and stiction mitigation of MNPs in the second mode of operation. Also,
the reverse magnetophoretic force produced in this cycle had a low magnitude,
which ensured that the particles were not pulled into the undesired outlet. Timing
analysis of the TVMF was performed to prevent the steering of the MNPs to the
undesired outlet. The consistency of the experimental results with the simulation
results validated our optimized design in producing a modulated magnetophoretic
force. Furthermore, results confirmed that our design was more efficient in miti-
gating the stiction issue than an already reported work. The specific contribution

made are listed below.

e Design and analysis of EMA systems: Electromagnetic actuation sys-
tems of various coil topologies such as single coil, Helmholtz coil, Maxwell
coil, Helmholtz-Maxwell pair and DCC were used to improve the efficiency
of the TDDS. To further improve the efficiency of the navigation system,
an EMA system was designed using a particular arrangement of four circu-
lar electromagnetic coils. The coils were used to produce a magnetic force
for steering of MNPs to the correct outlet. We optimized the geometrical
parameters and supply current for each coil in the four coils arrangement,
to produce a magnetic force along the desired direction of steering. In this

process, a few MNPs get stuck to sidewalls.

e Stiction mitigation and disaggregation of MNPs: The proposed EMA
system alternately operated in two different modes by switching ON and OFF
a pair of coils. In the first mode, the system generated a magnetic force re-

sponsible for steering the MNPs. In the second mode, it generated a small
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magnetic force in the reverse direction, which pulled back the MNPs stuck
to the vessel walls, thus mitigating the stiction problem. The MNPs that
were separated from the sidewalls moved ahead with the fluid flow to the
desired channel and this guidance mechanism was repeated till the MNPs
reached the target point. The experimental validation of the proposed EMA
system highlighted its practical feasibility to mitigate the stiction issue. Re-
sults demonstrated that the magnetophoretic force produced to release the
adhered particles in our system was around 99.5% lower than that of an
existing EMA system, which aimed to address the same issue. Thus, our
system provided enhanced efficacy in mitigating the stiction issue by alle-
viating the detrimental effect of the MNPs getting steered to the undesired

outlet.

e Enhance the switching performace of EMA system: To improve the
switching efficiency between the two modes of operation, a TVMF was pro-
posed for effective steering of the MMPs to the correct outlet. Extensive
simulations were performed to analyze the switching time for effective nav-
igation of the MNPs using COMSOL Multiphysics. Results illustrated that
the time duration between the two modes of operation should be set using a

ratio of 3 : 1 for effective guidance of the MNPs to the correct outlet.

To conclude, we proposed a new design of an electromagnetic actuator for miti-
gating the stiction and aggregation issue in a targeted drug delivery system with
enhanced accuracy of steering the drug to the desired location, thus ensuring re-
moval of off-target side effects. We believe that the proposed design is a step
towards enhancing the efficacy of the targeted drug delivery system.

Lastly, it is worth highlighting the use of magnetic fields and field gradients
generated by electromagnetic coils. The electromagnet has found applications in
many areas such as mining, water purification, biochemistry and medical research.
The proposed actuation system may be utilized for the magnetic separation tech-
nique by binding selectively the target to the magnetic beads out of a large volume
or complex matrix. The actuation system can be used to separate the magnetic
bead-bound target. The mining industry extensively uses magnetic separation for
ore treatment, material sorting and purification of minerals. The proposed elec-
tromagnetic actuation system may be deployed for the separation of erythrocytes
from whole blood and to improve the efficiency of the magnetic water treatment

process.
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6.2 Future Scope

This section presents the potential extension of the problems investigated in this

thesis as follows:

e Design of a magnetic particle imaging technique using the proposed EMA
system to extract the blood vessel information, which is needed to plan the

path from the site of injection to the target location.

e Optimization of the coil parameters considering magnetic field and its gradi-
ent (H-V)H with unsaturated nanoparticles or only the gradient magnetic
field VH with saturated nanoparticles as objective function, to further im-

prove the navigation efficiency.

e Analysis of the EMA system to treat the infected cell in vivo using magnetic

hyperthermia.

e Functionalization of MNPs to avoid the effect of aggregation in the process

of steering them to the target location.

e Development of EMA system towards magnetic separation for biomedical

diagnostic.
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